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Deep-seated landslides significantly influence mountain landscapes in Washington State, 
yet relatively few of these landslides have been studied in detail. I selected the Swift 
Creek landslide, a large (approximately 5.489 x 10^ m^ [54.89 hectares]), deep-seated 
landslide located on Sumas Mountain in northwest Washington, to be the site of a 
detailed study. This study, the first phase in a planned long-term study to be conducted 
by WWU, consisted of a detailed topographic survey, geomorphic mapping, repeated 
GPS surveying of monitoring points (consisting of six surveys from July 2002 to June 
2003), tree-core analysis (dendrogeomorphology), and historic aerial photograph 
analysis.
The landslide is most likely rooted in altered ultramafites, primarily consisting of 
serpentinite at the surface, and closely resembles a large earthflow (even though the 
underlying material is bedrock). The landslide is failing by rotational movement at the 
head of the landslide, transitioning to a flow toward the toe of the landslide. The toe of 
the landslide is almost completely devoid of vegetation (most likely because of the 
presence of serpentinitic soils and the high activity of the landslide), and is the site of 
frequent failures during the winter.
Horizontal movement of monitoring points on the landslide varied from 37 m to less than 
the 95% horizontal precision of the GPS survey (generally less than 2 meters) during the 
course of this study (July 2002 to June 2003). The greatest amount of movement was 
observed on the toe. Rapid movement of points on the toe (>10m annually for many of 
the points) is related to shallow mass wasting caused by intense rain fall. Points upslope 
from the toe generally moved <4 to 5 m during the course of the study. Analysis of tree 
rings of tilted trees indicates that the Swift Creek landslide became active in the 1930s. 
Based on aerial photographs, geomorphic activity on the landslide increased to a 
maximum in the 1970s and has slightly diminished since that time. Aerial photographs 
and a comparison between topographic data from 1972 and 2002 indicate that the toe of 
the landslide has enlarged steadily in both thickness and horizontal extent since the 
initiation of the landslide and continues to enlarge.
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A SHORT NOTE
In order to conserve paper and make the information that I collected during this thesis 
more useful to the interested reader, appendices C, D, E and F are included on the 
attached compact disc. Each appendix has a short note at the beginning of the appendix 
or a short readme file explaining the contents. Appendix A (tables) and Appendix B 
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1. INTRODUCTION
1.1. Introduction
This thesis provides a base-line study of an active, large, deep-seated landslide in 
Washington State. This landslide, knovra locally as the Swift Creek landslide, is located 
near the town of Everson in Whatcom County (Figure 1). This thesis summarizes the 
initial phase in a long term study of the kinematics of this landslide to be conducted by 
the Geology Department at Western Washington University (WWU). My study consists 
of establishing GPS-based topographic, geomorphic, and dynamic surveys of the 
landslide, collecting and analyzing increment borings of tilted trees on the landslide 
(dendrogeomorphology), and interpreting past activity and movement rates of the 
landslide fi’om historical aerial photographs. The results of these investigations constrain 
a model of the sub-surface geometry and kinematics of the landslide.
In this thesis, I define a deep-seated landslide as a landslide with a failure plane of five 
meters or more below the ground surface, based on a loose definition given by Van Asch 
et al. (1999). Based on the definition given by Cruden and Vames (1996), basal shearing 
and/or plastic deformation related to deep-seated landsliding can be as deep as 250 
meters below the ground surface (Petley and Allison, 1997).
Deep-seated landsliding is a critical geomorphic agent in limiting the relief of mountain 
ranges (Schmidt and Montgomery, 1992; 1995) including the high-relief landscapes in 
Washington State (Roering et al., 2001; Lillquist, 2001). Schmidt and Montgomery 
(1995; 1996) identify over 34 mountain-front, deep-seated, bedrock-rooted landslides 
within the Chuckanut Formation of northwestern Washington alone. Lillquist (2001)
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notes that deep-seated rotational landslides, rooted in bedrock (in the ‘incompetent’ 
Roslyn, Ellensburg, or Swauk formations, overlain by Columbia River Basalts), are 
relatively common in the Swauk watershed of central Washington and comprise a 
significant portion of the total area of the watershed. Lillquist states that landslides in the 
Swauk watershed significantly influence topographic and hydrogeologic development. 
Carpenter (1993) identifies an inactive ‘mega-landslide’ near Glacier, Washington that is 
approximately 9 km long, 1 km wide, with an estimated volume of 3 x 10 m .
Carpenter notes that huried trees in this deposit are up to 1.3 meters in diameter, and that 
there are numerous other nearby mega-landslides. Based on the large size of this 
landslide, it is likely to be deep-seated.
Despite their abundance and importance to landscape development, the rates and 
mechanisms of movement of deep-seated landslides in Washington State are not well 
understood. Few studies, and no published long-term monitoring studies, have been 
conducted on these landslides in Washington. The study 1 present here addresses this gap 
in knowledge, with the goal to improve our understanding of landscape evolution in the 
region.
1.2. Background
The Swift Creek landslide is located on the western flank of Sumas Mountain (part of the 
westernmost North Cascades Range), in northwestern Washington State, east of the town 
of Everson in Whatcom County (Figure 1). The Swift Creek landslide is similar to other 
landslides in the region, in that it is deep-seated and bedrock-rooted. In addition, the 
failure plane of the Swift Creek landslide is likely to be rooted in serpentinite, a
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characteristic common in many landslides in western United States (including 
Washington, Idaho, Oregon, and California) and Japan (Schlocker, 1974; Avolio, 1975; 
Istok and Harward, 1982; Gowan, 1989; Yamagashi and Ito, 1994; Yagi et al., 1996; Lee, 
1999). The kinematics of the Swift Creek landslide are probably typical of similar deep- 
seated landslides in the area. A study of the Swift Creek landslide should improve our 
understanding of the kinematics of such deep-seated landslides.
As of July 2002, the Swift Creek landslide is approximately 1530 m long, 485 m wide at 
its widest point, and has an area of 5.489 x 10^ m^ (54.89 hectares; Figures 2 and 3). The 
lowest point on the landslide (bottom of the toe) is at about 250 m above sea-level (asl; 
on the northwest side) and the highest point is slightly over 770 m. The average slope of 
the landslide from tip to head is approximately 33%. The down-slope axis of the 
landslide runs southeast to northwest (down-slope compass direction of approximately 
315°).
Monitoring of the Swift Creek landslide is similar to a long-term monitor study being 
conducted by the U.S. Geological Survey (USGS) and other institutions at the 
Slumgullion landslide in Colorado. The Slumgullion landslide was identified in the 
1800s and intensively studied since 1990 by the USGS (Vames and Savage, 1996). Like 
the Swift Creek landslide, the Slumgullion landslide is a slow-moving, relatively deep- 
seated landslide that is rooted in altered igneous rocks (Diehl and Schuster, 1996). It has 
been active for at least several hundred years (Madole, 1996). A long-term study of the 
Swift Creek landslide will allow geologists and engineers to compare and quantify the 
long-term behavior of deep-seated landslides in different climatic regions (e.g. dry 
continental at the Slumgullion landslide and wet maritime at the Swift Creek landslide).
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In addition, long-term monitoring of the landslide will assist in downstream flood-control 
planning in Whatcom County, Washington. While it should be noted that my study does 
not directly address flood-control planning, the information collected during my study 
and future studies should allow Whatcom County to formulate more precise estimates of 
the annual sediment load discharged from the landslide, and the timing of destructive 
debris flows.
1.3. Terminology
Because the study of landslides spans several different professions and specialties, the 
nomenclature can be confusing or even contradictory. To minimize confusion in this 
thesis, I have defined a number of key terms (Table 1). The definitions follow those of 
Cruden and Vames (1996), although some have been modified to match the field 
relationships at the Swift Creek landshde.
1.4. Brief Review on Deep-Seated Landsliding
Fundamentally, slopes fail when the force(s) tending to cause failure equals or exceeds 
the resisting forces (e.g. Terzaghi, 1950). The force causing failure is simply the 
component of the weight of the slope (mass of the slope multiplied by the acceleration 
because of gravity) acting in the downslope direction (Terzaghi, 1938). The resistance to 
failure of a slope is the shear strength of the slope material along a potential failure 
surface (S), typically described by the Mohr-Coulomb failure criterion:
S = c'+o'tanO, (1)
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where c' is the cohesive strength of the slope material, o’ is the effective normal stress 
across the surface, and is the angle of shearing resistance (Terzaghi, 1938). Effective 
normal stress is governed by the angle of the slope, and the weight of the overlying 
material (total stress) minus the pore pressure due to groundwater (Terzaghi, 1938).
In order to initiate failure on a previously stable slope, one of these variables must be 
altered until the force(s) tending to cause failure equals or exceeds the resistance to 
failure. Slope failures typically occur as a result of: increasing the average angle of a 
hillslope (because of undercutting by a stream or road, for example), which increases the 
downslope component of the weight of the slope; decreasing the effective stress or 
increasing shear stress by ground acceleration during a seismic event (by momentarily 
overcoming the frictional resistance of the slope) or by increasing pore pressure (such as 
because of a heavy rain event); by decreasing the cohesive strength of the material 
because of chemical weathering; or by some combination of these factors (Terzaghi,
1950; Nash, 1987). Most landslides are triggered by intense rainfall, rapid snowmelt, 
water-level change, volcanic eruption, or by shaking from an earthquake (Terzaghi, 1950; 
Wieczorek, 1996). Campell et al. (1989) note that landslides can also be triggered by 
“less obvious events” such as by freeze-thaw cycles, root wedging, animal burrows, or 
tectonic uplift. Most deep-seated landslides are initiated by rising pore pressure (Van 
Asch et al., 1999).
For a deep-seated landslide to form, it must fail along a shear surface with relatively low 
shear strength, where the frictional resistance to failure is an important component of the 
overall shear strength. This is because materials with relatively high shear strength (such 
as isotropic, unaltered igneous rocks) will tend not to form continuous failure surfaces at
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depth (Middleton and Wilcock 1994). In bedrock, failure usually occurs along 
preexisting discontinuities such as bedding planes, cleavage planes, foliations, fault 
planes, joints or chemically weakened layers (Terzaghi, 1950; Middleton and Wilcock, 
1994; Nash, 1987; Petley and Allison, 1997). Schmidt and Montgomery (1995) note that 
bedrock landslides in the nearby Chuckanut Formation generally fail along 
discontinuities (e.g. bedding planes) with an angular divergence of between -20% to 
-f-40% relative to the hillslope.
Once a slope has failed along a deep-seated surface, it will tend to move by one of three 
general mechanisms, which can be used to infer conditions occurring along the failure 
surface (or base of the landslide). The first mechanism is catastrophic displacement of 
the landslide, which typically occurs by brittle failure at the base of the landslide (Petley 
and Allison, 1997). The second mechanism is long-term displacement at low strain rates, 
frequently called ‘creep’, which typically occurs by ductile failure at the base of the 
landslide. In this case, the rate of creep are largely controlled by changes in pore pressure 
(i.e., increasing pore pressure would tend to increase the rate of creep because increased 
pore pressure reduces effective stress), but can also be influenced by seismic events 
(Petley and Allison, 1997). A hybrid mechanism is a period of creep that culminates in a 
sudden, catastrophic failure, such as the famous 1963 Vaiont Reservoir disaster in Italy. 
This mechanism is caused by the formation of micro-cracks at the base of the landslide 
which eventually coalesce to form a continuous fracture or shear surface, leading to 
catastrophic failure (Petley and Allison, 1997).
Based on historic aerial photographs, the Swift Creek landslide has been active since at 
least 1940. Converse-Davis-Dixon Associates (CDDA) (1976) speculate that it may have
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been intermittently active for approximately 10,000 years. The Swift Creek landslide 
likely behaves according to the second mechanism (creep), and that failure is by ductile 
deformation along the base of the landslide. Therefore, the rate of movement of the Swift 
Creek landslide may be largely controlled by changes in pore pressure, which are in turn 
indirectly controlled by precipitation (by changing the amount of hydraulic head in the 
ground water). Iverson (2000), based on his own previous work in the 1980s, and a 
numerical model which he derived, states that large slow-moving landslides, such as the 
Minor Creek landslide in California, accelerate during the wet season, but do not 
measurably accelerate in response to even the most intense individual rainfall events.
Van Asch et al. (1999) also note that it is unlikely that large, deep-seated landslides 
would measurably respond to single precipitation events because deep-seated landslides 
need large amounts of water for triggering conditions, and should only respond to 
increases in precipitation over days or months. Thus the rate of movement at the Swift 
Creek landslide should increase during the wet season, but would have little or no 
measurable response to individual storm events.
1.5. Previous Work on the Swift Creek landslide
Most previous work conducted on the Swift Creek landslide has considered the risk to 
downstream property from flooding because of rapid sedimentation, and the potential risk 
to human health from airborne asbestos fibers originating in the abundant serpentinite 
present on the landslide (Goldthorp, 2002). The bulk of effort has therefore been to 
control sedimentation (whether by sediment traps or dredging), and to assess the actual 
human health risk from asbestos fibers (Goldthorp, 2002).
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Frequent small debris flows originate on the toe of the landslide and flow into Swift 
Creek. These debris flows provide a high sediment load to Swift Creek, significantly 
increasing the downstream risk of flooding. Whatcom County Public Works (2000) 
estimates that Swift Creek annually deposits between 15,300 and 94,000 cubic meters of 
sediment below the landslide. Since the 1960s, frequent channel dredging has been 
conducted to maintain the channel capacity of Swift Creek and to prevent channel 
avulsion (Whatcom County Public Works, 2000). Despite the voluminous sediment load 
in the creek, the dredging has prevented the creek from filling and avulsing from its 
historic channel (Whatcom County Public Works, 2000).
The cause of the modem episode of activity on the Swift Creek landslide is unknown.
The ‘bowl-shaped’ topography above the Swift Creek landslide (perhaps indicating a 
potential pre-historic ‘pull-away’ spot), suggests that the Swift Creek landslide is an 
ancient feature (Figure 1). Presumably, the Swift Creek landslide experiences episodes 
of large-scale instability followed by episodes of relative stability (marked by vegetation 
regrowth and a reduction of sediment deposition such as existed before the current phase 
of activity).
Aerial photographs indicate that the Swift Creek landslide was active by the early 1940s, 
and that activity (marked by forest dismption and consequent erosion and transport of 
sediment) increased to approximately present-day levels (or greater) by the 1960s.
Benda et al. (1993) note that historical references and anecdotal evidence indicate that 
much of Sumas Mountain was burned by a wildfire in approximately 1900 and this may 
be a contributing cause to the initiation (or re-initiation) of landslide activity. If a large 
number of trees were killed by a wildfire, this most likely would decrease evapo-
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transpiration, and potentially increase rain-fall infiltration, causing a rising ground water 
table. Over time an increase in pore pressure related to the rise in water table may have 
initiated the modem Swift Creek landslide. In an alternative hypothesis, CDDA (1976) 
speculated that Swift Creek caused landsliding through erosion (from oversteepening of 
the slope) and/or possibly from earthquake activity.
The first in-depth study of the Swift Creek landslide itself was conducted by CDDA in 
1975. CDDA (1976) mapped the Swift Creek landslide and concluded it is a complex 
assemblage of several blocks, which are enlarging the landslide by sequential failure. 
CDDA further surmised that the landslide mechanisms include rotational slump blocks 
(marked by back rotated trees and large head scarps), planar block glide (consisting of 
conglomerate bedrock slab riding over serpentinite), slump-earthflows, and debris flows, 
with the majority of the landslide consisting of slump-earthflows. Based on historic 
aerial photographic evidence, CDDA estimated that the Swift Creek landslide as a whole 
was moving at a rate of around 9 m/yr (~30 ft/yr). CDDA also concluded that the 
principal slide plane on the Swift Creek landslide is located in a zone of highly weathered 
serpentinite and “lateritic clay”, based largely on the previous mapping of Moen (1962). 
CDDA (1976) also observed ‘crevasses’ and cracks up to 22 m (75 feet) deep, and 
concluded that the landslide may be up to 90 m (300 ft) thick at the toe, and 75 m (250 ft) 
thick at the head.
Benda et al. (1993) conducted a follow-on study of landsliding on Sumas Mountain but 
their primary source of information on the Swift Creek landslide was the CDDA report 
(1976). Benda et al. classified the Swift Creek landslide as a large slump-earthflow, and
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indicated that the Swift Creek landslide is growing in areal extent retrogressively (i.e., by 
headward expansion).
1.6. Geology of the Swift Creek Landslide and Adjacent Area
Sumas Mountain has been mapped by Moen (1962) and more recently by Dragovich et 
al. (1997). The most extensive geologic unit exposed on the Swift Creek landslide is a 
poorly sorted, unstratified diamicton, which consists of angular to rounded boulders, 
cobbles, and gravel in a sand, or silt/clay matrix (Dragovich et al., 1997) and has been 
identified as a landslide deposit (Figure 4). This material is typically poorly consolidated, 
and crumbles easily. The boulders and cobbles exposed in the diamicton appear to have 
originated in the bedrock units underlying and surrounding the Swift Creek landslide, 
although the variety of lithologies in both the bedrock and surface sediments make this 
difficult to confirm. The silt and clay in the diamicton presumably originate from a 
combination of mechanical grinding of clasts during movement of the landslide, and from 
chemical weathering of the underlying units, particularly the underlying serpentinite 
(discussed below).
A small outcropping of glacial till is also present along the south flank of the landslide 
(Dragovich et al., 1997). This till was deposited during the Fraser Glaciation, Vashon 
Stade, and granitic clasts present in the till indicate that it was derived from the Coast 
Plutonic Complex of British Columbia, Canada (Dragovich et al., 1997).
Dragovich et al. (1997) indicate that the bedrock geology of the Swift Creek landslide is 
largely composed of the late Eocene to Oligocene Huntingdon Formation that 
unconformably overlies a pre-Tertiary ultramafite (Figure 5; Dragovich et al., 1997).
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Near the landslide, the Huntingdon Formation is primarily composed of a massive 
conglomerate with occasional thin beds of sandstone. Dragovich et al. (1997) note that 
the Huntingdon formation is often observed to be poorly lithified and can have the 
appearance of glacial till or outwash on initial inspection. They hypothesize that the 
Huntingdon Formation is an alluvial fan facies. The Huntingdon Formation conglomerate 
dips from 23° to about 36° to the northwest and west along the edges of the landslide, 
subparallel to both the slope and the underlying ultramafite (Dragovich et. al., 1997). My 
mapping supports these relationships. Clasts contained within the Huntingdon Formation 
consist of a wide range of lithologies, including intmsive igneous (granites, diorites, and 
gabbros), ultramafite, chert, volcanics, and metamorphic clasts, indicating that some of 
the source material for the Huntingdon Formation was the underlying ultramafite. In 
addition, there are at least two exposures of the Huntingdon Formation where the clasts 
have been “sheared” off to a flat surface, most likely by fault activity. According to 
Dragovich et al. (1997) the maximum thickness of the Huntingdon Formation on Sumas 
Mountain is about 300 meters. Dragovich et al. (1997) also note that in some areas the 
Huntingdon Formation can be as thin as a few centimeters.
The ultramafite is composed of green (ranging from a deep, shiny green to a pale olive 
color) serpentinite, and pale orange dunite to pyroxene peridotite (Dragovich et al.,
1997). There are numerous exposures of the serpentinite on the landslide, especially in 
areas along the downslope ends of both lateral margins. Massive boulders, apparently 
consisting of a serpentinite rind around a dunite core are exposed along the south end of 
the toe. Many exposures of the serpentinite are deeply scored by slickenlines.
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The serpentinite ranges from massive, smooth, relatively cohesive and unweathered 
exposures, to highly sheared and weathered areas in which light hand pressure is 
sufficient to break the exposed serpentinite. In many areas on the landslide, the 
serpentinite is overlain by clay, which appears to be a chemical weathering product of the 
serpentinite. The clay is white to greenish-grey, often contains small pieces of the 
serpentinite and is often near or in contact with the serpentinite. CDDA (1976) identified 
the clay as a “lateritic clay” (based on previous work by Moen in 1962), and inferred that 
the ultramafite had been exposed to tropical weathering (although it should be noted that 
laterite is a soil designation, not a clay). This clay may be smectite clay, as other workers 
have found that the initial weathering product of serpentinites is generally smectite, even 
under conditions of “lateritic” weathering (Rabenhorst et al., 1982; Allen and Hajek, 
1989). Schreir et al. (1987) analyzed sediments derived from the serpentinite at the 
Swift Creek landslide in a laboratory setting and concluded that the main weathering 
product was smectite clay.
Dragovich et al. (1997) map exposures of the Yellow Aster Complex, a pre-Permian unit 
consisting of massive gabbro and diopsidite, as being present near the head area of the 
landslide. They also map a large thrust fault about 120 meters east of the head of the 
landslide. CDDA (1976) speculated that this thrust fault may have been partially 
responsible for the initiation of activity at the Swift Creek landslide because the faulting 
may have caused intense shearing, weakening bedrock materials. However, this 
hypothesis is probably not correct, as Dragovich et al. (1997) map the thrust fault as 
dipping to the east.
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1.7. Summary of Work Performed
This project involved five phases. Four of the phases consisted of field and laboratory 
work: GPS topographic and benchmark surveying of the landslide to quantify movement; 
mapping the geomorphology of the landslide; conducting dendrogeomorphology; and 
interpreting historical aerial photographs to quantify historical movement and activity of 
the landslide. The fifth phase of this project consisted of constructing a simple model 
based on Janbu’s Method of Slices (Janbu, 1973; Baum, 2000) to estimate failure surface 
depth and volume of the landslide.
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2. GPS TOPOGRAPHIC SURVEYING
2.1. GPS Topographic Surveying Methods
Because existing topographic data (such as USGS 7.5’ quadrangle maps) are not of 
sufficient resolution for this project, and because the most recent USGS Digital Elevation 
Model (DEM; Kendall 7.5’) is based on air photos from 1972, the first step in my study 
was to conduct a high-resolution topographic survey of the landslide. Data from the 
topographic survey was generally used to support observations and interpretations from 
other parts of this project, and to assist in the modeling of the slide plane of the landslide.
From March 2002 to July 2002,1 mapped the area on and immediately adjacent to the 
Swift Creek landslide using a Trimble ProXR GPS attached to a laser rangefinder and 
digital compass. The ProXR is a sub-meter resolution real-time differential GPS unit that 
allows for collection of a large number of positions relatively quickly with a maximum 
horizontal 68% precision of 0.2 meters and a maximum vertical 68% precision of 0.5 
meters when making code measurements (one of two methods of calculating position 
using GPS and the one used for this study). The laser rangefinder and compass work in 
conjunction with the ProXR to measure positions offset from the GPS antenna, which 
allowed for some areas of the landslide to be mapped rapidly. However, because the 
GPS unit depends on robust satellite reception to provide high resolution 3-dimensional 
spot locations, dense tree-canopy cover or horizon blocking by topographic highs often 
make it difficult to establish accurate survey points. Thus the vast majority of the GPS 
positions collected during this project are located in relatively open areas of the landslide, 
such as the toe, largest upper scarp, and north and south flanks where surface movement 
and disruption have removed trees and other vegetation.
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Following field collection, GPS data was post-processed for further differential 
correction, primarily using the Skagit County base station, as well as the Whidbey Island 
Naval Air Station base station in the event of errors from the Skagit County base station. 
More than 4,000 individual points (Figure 6) were collected between March 2002 and 
September 2002 and used to generate a digital elevation model (DEM) of the landslide 
using ArcGIS 8.1. This DEM was then used to generate contour maps of the landslide.
An additional 32 points were surveyed on October 6, 2002 with a Total Station 
Theodolite Leica Model TC600 (Total Station), using a GPS position obtained at 
benchmark 29 as a base point in order to establish survey points along the head of the 
landslide, an area that I had experienced difficulty in obtaining GPS points. North was 
established with a Brunton Compass. These points were surveyed along the head of the 
landslide, and along the junction where the north and south flanks meet the crown of the 
landslide. Because of thick vegetation growth, six separate traverse points (i.e., set-up 
locations of the total station) had to be established (counting benchmark 29 as a traverse 
point) in order to survey the points. The traverse inadvertently developed a compound 
error of 5.7° (i.e., the angle between north calculated at the last traverse point and north 
calculated at the initial traverse point). This error reflects the multiple traverse points on 
uneven, heavily vegetated ground. In addition, there was often a significant discrepancy 
in elevation (up to 17 meters) between points measured using the total station that were 
located next to points measured using the GPS. These differences suggest that 
measurements collected using the total station are the least accurate of all the points 
collected on the landslide. The position and altitude of all GPS and total station points 
measured for this topographic survey are provided in Appendix C.
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2.2. GPS Topographic Survey Results and Analysis
The high-resolution topographic survey of the landslide shows mixed results. Although I 
collected a relatively high-density of locations on open areas of the landslide (such as the 
toe or the area directly down-slope of head scarp A), only a few locations could be 
collected in heavily vegetated areas such as the center of the landslide (Figure 6). 
Consequently, CIS generated contours (Figure 7) are more accurate on the toe and other 
exposed areas then they are in heavily vegetated areas. Additionally, 1 rarely achieved 
the previously stated maximum horizontal and vertical 68% precisions, even under ideal 
conditions, reducing the accuracy of the GPS locations, and further reducing the accuracy 
of the GIS generated contours. Thus while the GIS generated contours give a good 
approximation of the general topography of the modem Swift Creek landslide, they 
should not be assumed to be accurate at all locations on the landslide, especially in areas 




My mapping focused on geomorphic features such as internal scarps, lateral scarps, sag 
ponds, seeps, and large and/or significant cracks (generally one meter deep or more). I 
mapped by a combination of physical observation and extrapolation using a 1998 USGS 
Digital OrthoPhoto Quad (DOQ). Cartographic symbols used on the geomorphic map 
(Figure 8) are based on several of the symbols summarized by Walker et al (1987).
Some features were inferred to be present based solely on aerial photographic 
interpretation, because some areas were not accessed owing to thick vegetation or other 
obstacles. Mapping is therefore probably not truly comprehensive, although it includes 
all major features.
Geomorphic features were generally hand-mapped onto the 1998 DOQ, rather than using 
a GPS, because of the unreliability of the GPS underneath vegetative cover. GPS would 
likely provide an artificial distribution of geomorphic features (i.e., features present in 
open areas would be preferentially represented), and thus the features were largely 
mapped using traditional mapping methods, combined with local GPS mapping where 
appropriate.
3.2. Geomorphology Results
The water table at the landslide is relatively high, indicated by seeps and streams which 
flow year-round (at least during 2002) on the landslide (Figure 8). These streams 
combine into one main stream (the south fork of Swift Creek) just to the west of the
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landslide, below the toe. During storm events, water levels generally rise rapidly in these 
streams.
For descriptive purposes, the landslide can be subdivided into four areas: the toe, the 
areas adjacent to the flanks of the landslide, the center, and the head. The toe rises in 
elevation from 250 to 480 meters asl, over a distance of 540 meters for an average slope 
of 42%, making it the steepest portion of the landslide. The toe is almost completely 
devoid of vegetation, and is the source of small debris flows following heavy rain events. 
These debris flows either begin as small-scale slumps (marked by a well-defined head- 
scarp) or as shallow translational flows (no well-defined head-scarp). Campell et al. 
(1989) note that it is common for the toes of large, slow-moving landslides to become 
over-steepened and to fail as small slumps and slides. Along the bottom and sides of the 
toe, slide debris, presumably from debris flows, are engulfing nearby trees (Figure 9). 
Numerous small stream channels cross the toe, most of them intermittent in nature. A 
sizable portion of the toe is comprised of large displaced conglomerate blocks on the 
north end (Figure 10), which appear to be blocks of the Huntingdon Formation. At least 
one of these blocks was more than 20 meters high in June 2002. These blocks are rafted 
along by the movement of the landslide, and in the process have apparently been rotated 
and exposed at the toe. The conglomerate is poorly lithified, and disintegration of the 
blocks has created a talus slope of loose, rounded pebbles, cobbles, and boulders beneath 
the blocks. Failure of these conglomerate blocks is primarily by falls. Between the 
November/December 2002 and February 2003 surveys, one of the more prominent blocks 
collapsed. To the north and south of the landslide, the bedding within the Huntingdon 
Formation conglomerate dips from 23° to about 36° to the northwest and west
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(Dragovich et. al., 1997), which is subparallel to the overall slope. In contrast, bedding 
within the conglomerate blocks riding on the toe is virtually vertical, indicating 
substantial rotation of the blocks.
Several large serpentinite-mantled boulders are exposed on the south side of the toe.
Some of these boulders have split, exposing dunite cores.
The second identifiable areas are those adjacent to the north and south flanks of the 
landslide. Both flanks are marked by a well-defined drop in elevation from off-landslide 
areas to the landslide, with the largest elevation difference (up to 20 meters) occurring on 
the north flank. A contact between the Huntingdon Formation conglomerate and the 
ultramafite (exposed as serpentinite) is exposed along the north flank, with both bedrock 
types visible along the majority of the north flank. In contrast, very little bedrock is 
exposed along the south flank, instead most of the exposed surface is a diamicton 
(possible ancient landslide debris?), although there are some scattered outcrops of 
serpentinite. The areas immediately adjacent to the flanks on the landslide are generally 
devoid of vegetation. Both flanks are relatively active (as indicated by the lack of 
vegetation). Failure along the flanks is primarily by falls, or by small-scale slumps.
Small internal scarps near the flanks are longitudinal (parallel to the direction of 
movement).
The third area is the center of the landslide. The slope of the central area is relatively 
low, averaging about 22% compared to the overall landslide slope of 33%, or the slope of 
the toe at 42%. This area is generally thickly vegetated and relatively undisturbed (Figure 
11). The center of this area is marked by large trees (100-t- years in age), relatively little 
underbrush, and only subtle indications of landslide activity (e.g., internal scarps are
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relatively small and often vegetated). The majority of trees show some tilting 
(presumably from movement of the landslide), and many have ‘pistol-butt’ shaped 
trunks. Most of the trees are slightly tilted to the southeast (toward the head of the 
landslide). From the large size of the trees, it seems that the central portion of the 
landslide is being ‘rafted’ along by the landslide as a coherent block.
Along the perimeters of the center, undergrowth is extremely thick and there are 
numerous internal scarps and large cracks, indicating relatively recent disturbances. 
Between the unvegetated toe and the center is a very active area consisting of numerous 
transverse scarps (perpendicular to movement), cracks, and chaotic ground. Most of the 
trees in this area are severely tilted (30 degrees or more) or have been completely 
knocked over.
Immediately above the top of the toe (and just north of the south flank) is a small sag 
pond (Figure 8). Almost all of the trees surrounding the pond are dead and tilted to the 
south-east (back-rotated). The pond appears to have formed from the damming of a small 
stream that crosses the landslide, indicating that this area has probably sagged because of 
extension.
The fourth area is the head of the landslide. This feature is composed of four composite 
head scarps (head scarps A, B, C, and D; Figure 8). Above the composite head scarps, 
the crown of the landslide is marked by craeks that are about 1 to 3 meters deep that run 
northeast to southwest (transverse to the axis of the landslide) and is marked by a slight 
‘hummocky’ nature. Above the crown (and thus above the landslide), the ground surface 
is less visibly disturbed, trees are larger and there is less underbrush than on the landslide
proper.
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Head scarps B, C, and D are all partially vegetated (perhaps indicating partial 
stabilization or merely slow movement) and appear to be much less geomorphically 
active than head scarp A. Trees on top of all of the head scarps are generally tilted to the 
southeast (back-rotated). Activity generally increases as one moves west, from head 
scarp D to A, with the head scarps generally becoming larger, cracks becoming more 
frequent, and trees becoming smaller as well as increasingly tilted or otherwise deformed.
Head scarp A rises up to 25 meters from its base to its top, and is one of the most 
prominent features on the landslide. This head scarp has been visible on aerial 
photographs since the 1940s. The area beneath head scarp A is very active (as indicated 
by the chaotic ground and almost complete lack of vegetation), and is marked by 
numerous small streams and seeps. Many trees have recently fallen over the edge of this 
head scarp, and numerous small slumps and slides occur below (Figure 12). Also below 
head scarp A are a series of transverse ridges running northeast to southwest, the origin of 
which are unknown. Slickenlines in soft sediments (the sediments could be easily 
deformed with hand pressure) below the head scarp were measured as having a trend of 
about 147° and a plunge of about 57°N. The slickenlines were very fresh and are 
probably no longer present as of the time of this writing (October 2003).
33. Geomorphology Analysis
CDDA (1976) observed cracks and crevasses up to 22 meters deep. Their observations 
contrast markedly with the current situation on the landslide; the deepest cracks that I 
observed were 5 m deep at most. The fate of the crevasses recorded by CDDA is 
unknown, and they may have simply closed up or been filled with debris. The large size
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of the crevasses and cracks observed by CDDA, in contrast with the current absence of 
large crevasses and cracks, suggests that the Swift Creek landslide was more active in the 
1970s, when CDDA was conducting their study.
The water table at the landslide is generally located almost at the surface, as indicated by 
the abundance of seeps, streams, and the sag pond at the landslide. Under the convention 
given by Cruden and Vames (1996), this landslide would be classified as wet (i.e., 
contains enough water to behave in part as a liquid, has liquid flowing from it, or 
supports bodies of standing water).
Surface morphology indicates that the Swift Creek landslide deforms by rotational type 
movement at the head and by flow type behavior throughout the rest of the landslide.
The presence of multiple steep scarps at the head, combined with back-rotated trees, 
strongly indicates that movement is rotational at the head. In addition, as discussed in the 
aerial photograph analysis, the largest of the head scarps, head scarp A, has remained in 
the same location, indicating that movement at the head is likely to have historically been 
mostly vertical, typical of rotational type movement (Cruden and Vames, 1996).
The area below head scarp A appears largely to move as a flow. The overall morphology 
of the Swift Creek landslide closely matches the idealized earth-flow morphology of 
Keefer and Johnson (1983). Keefer and Johnson state that an earthflow should be tongue 
or teardrop shaped; have a length greater than its width; the flanks should be roughly 
parallel; the landslide should be concave upward near the head, and convex upward near 
the toe; the distal margin (lowermost end) should be composed of a rounded, bulging toe; 
and the head may be composed of multiple rotational blocks; all characteristics of the 
Swift Creek landshde. Thus, in morphology, the Swift Creek landslide more closely
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resembles a landslide in an earth material, rather than a rock material, even though 
serpentinite bedrock occurs along both the north and south flanks. This may indicate 
that the serpentinite at depth is behaving more like an earth material and that the failure 
surface may in fact be located within highly weathered serpentinites altering to smectite 
clays.
Because Rabenhorst et al. (1982) found that serpentine minerals initially weather to form 
smectite, it is reasonable that smectite would form within weathering serpentinites at the 
landslide. Smectites are often associated with landslides. Istok and Harward (1982) 
found that smectite clays were often associated with the failure surface in landslides 
occurring in serpentinitic soils of the Oregon Coast Range. Yagi et al. (1996) found that 
smectite clays and swelling chlorite appear to be responsible for the failure of a cut slope 
in weathered serpentinite in Japan. Borchardt (1989) notes that smectites are commonly 
associated with landslides because of the tendency of smectites to adsorb up to several 
times their weight in water and swell dramatically, greatly reducing the shear strength of 
slopes. Istok and Harward (1982) state that smectites seem to provide lubrication along 
slide planes and increase the lateral flow of water. Thus, the morphology of the landslide 
combined with the frequent association of smectite clays in weathered serpentinite 
suggest that the kinematics of the landslide are being controlled by smectite clays within 
the highly weathered serpentinite.
Keefer and Johnson (1983) note that in a flow, most dismption and movement occurs 
along the boundaries of the flowing material. At the Swift Creek landslide, the majority 
of the most obviously disrupted areas occur directly down-slope of head scarp A, along 
the flanks, and on the toe of the landslide, consistent with the behavior of a flowing
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material as described by Keefer and Johnson (1983). Relatively minor differential 
movement of the flowing material most likely produced the smaller scarps and cracks in 
the middle of the landslide. The toe is clearly a flow, as it appears to be highly internally 
deformed, a classic sign of a flow (Cruden and Vames, 1996), and does not appear to 
preserve any of the original surface morphology. Provided that the slide plane at the 
head is in fact located within altered serpentinites, this landslide can be classified as a 
complex rock slide - debris flow (debris based on the relatively large quantity of 
boulders/cobbles/and sand on the toe even though the overall morphology more closely 
resembles an earthflow) under the naming convention of Cruden and Vames (1996). 
Based on this classification the failure surface at the head of the landslide would be 
located within more or less defined slide planes that would transition to a zone of 
distributed shear in the flow area of the landslide.
Yamagishi and Ito (1994), in their study of the relationship of landslide distribution to 
geology in Hokkaido, Japan, conclude that numerous landslides occur in serpentinites 
and that these landslides are generally of the slump-type (rotational) followed by flow- 
type movement, similar in morphology to the Swift Creek landslide. Thus serpentinitic 
bedrock may commonly produce landslides similar to the idealized morphology of an 
earth-flow as described by Keefer and Johnson (1983). In addition, Yamagishi and Ito 
(1994) note that landslides rooted in serpentinites generally produce longer landslides 
than other rock types (at least in Hokkaido), indicating that the relatively large areal 
extent of the Swift Creek landslide may be related to it being rooted in serpentinite.
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3.3.1. Zones of Accumulation/Depletion
Contours generated from GPS elevation data (Figure 7) show that the lower third of the 
landslide (approximately 1.7 x 10^ m^ [17.18 hectares]) of the landslide is raised above 
the surrounding ground surface (contours are convex up-slope). The contour map also 
shows that the upper two-thirds is located below the surrounding ground surface 
(contours are concave up-slope). Not surprisingly, the well-defined north and south 
flanks are also located along the upper two-thirds of the landslide, indicating that this 
area has dropped and continues to drop beneath the original (pre-landslide) surface. In 
contrast, along the lower third (largely consisting of the devegetated toe), trees along the 
perimeter are being engulfed by landslide debris, indicating that this area is thickening 
above the original ground surface.
From this simple analysis, it appears that the upper two-thirds of the landslide is a zone 
of depletion (Cruden and Vames, 1996), where material is being depleted by down-slope 
movement and the surface of the landslide is dropping below the surrounding ground 
surface, as evidenced by the north and south flanks, and thus presumably below the 
original ground surface. The lower third is a zone of accumulation (Cruden and Vames, 
1996), where material moving downhill from the zone of thinning is accumulating and 
raising above the surrounding ground surface, as evidenced by the profile of this area and 
because trees are being engulfed by landslide debris.
3.3.2. Volume Changes of the Landslide
Using ArcGIS, I compared the USGS DEM with the raster generated using GPS survey 
data collected during this project in order to determine volume changes from 1972 to
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2002 (using the cut/fill function of ArcMap), and to refine my estimate of the boundary 
between the zones of depletion/accumulation (i.e., the zone of accumulation should show 
net gain and the zone of depletion should show net loss). Not surprisingly, this analysis 
indicates that volume increased on the toe, and decreased over other areas of the 
landslide. However, because the elevation of the 1972 DEM is probably based on tree 
tops, not actual ground elevations, and few GPS locations were collected underneath 
heavy tree cover (which covers most of the landslide), the accuracy of the volume change 
is most likely to be poor, except in exposed areas like the toe.
Using the cut/fill function, ArcMap estimates that over 1.0 x lO’m^ of material was lost 
over the whole landslide between 1972 and 2002, an average annual loss of 
approximately 3.45 x 10^ m^ of material from the landslide and an average reduction of 
height of about 19 meters. This estimate is about four times Whatcom County’s estimate 
of the uppermost annual sediment discharge from the landslide (Whatcom County Public 
Works, 2000), and is likely to be too high. For instance, if the average height of the 
landslide was overestimated by only 5 meters (because of the thick tree canopy), for a 
height change of 14 meters, the volume lost would drop to approximately 7.5 x 10 m , 
still likely to be far too much. Displaced material accumulating in the zone of 
accumulation should experience significant dilation (approximately around 33% [Cruden 
and Vames, 1996]) and expand, which should partially offset volume changes from the 
loss of material. Because of the low accuracy of this estimate, it is of little use in 
determining the surficial boundary between the zones of accumulation and depletion, or 
in estimating volume changes of the landslide between 1972 and 2002.
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A more accurate estimate of volume change could be obtained by performing annual 
topographic surveys (although the thick tree cover would present challenges to both GPS 
and Total Station surveying). Alternatively, volume change could be estimated by 
determining the average annual velocity of a series of benchmarks along a cross-section 
transverse to the downslope direction (such as at the boundary between the zone of 
accumulation and the zone of depletion). By multiplying this average velocity by the 
cross-sectional area (width of the landslide times depth), one could estimate the annual 
volume of material moving through this area. By subtracting out the annual increase in 
volume of the zone of accumulation, one could then determine the annual volume change 
on the landslide (which should be a loss). The volume lost should be the amount of 
material annually flowing into Swift Creek.
Volume change estimates seem more reasonable on the toe, most likely because of the 
lack of vegetative cover. Considering the modem extent of the exposed toe, volume of 
this area increased by approximately 5.5 x 10^ m^ over an area of 8.4 x 10“^ m^ for an 
average increase in height of 6.5 meters (Figure 13). One somewhat surprising result is 
that volume decreased along the south edge of the toe, where currently a stream flows 
along the base of a nearly vertical cliff. A possible explanation is that in this area, 
portions of the cliff have been undercut and fallen into the stream, decreasing the overall 




4.1. Benchmark Surveying Methods
Quantifying movement of the Swift Creek landslide by measuring GPS positions of rebar 
benchmarks was inspired by Coe et al. (2000). Coe et al. successfully used this method 
to quantify seasonal movement of the Slumgullion landslide (Colorado) by establishing 
19 benchmarks on the landslide (with 11 additional control points adjacent to the 
landslide) and then surveying (using GPS) the location of the benchmarks six times 
between July 1998 and July 1999.
At the Swift Creek landslide, I emplaced and surveyed forty-two benchmarks (38 
monitoring points on the landslide and 4 control points adjacent to the landslide) using 
the Trimble ProXR GPS unit (Figure 14). The benchmarks were each surveyed six times 
(Table 2) between July 2002, and June 2003. Only four control points were used because 
of the difficulty in surveying the location of benchmarks off of the landslide (because of 
vegetative cover). Each benchmark consists of a 3 foot length (about 91 cm) of Vi'
(about 1.2 cm) diameter rebar pole. I used the following criteria to field select the 
location of the monitoring point benchmarks:
1) The benchmarks were spaced in order to monitor movement over as much of 
the landslide as possible.
2) The benchmarks were placed (if possible) in areas that are relatively open to 
the sky (for improved satellite reception), yet in areas that would not be easily 
destroyed by debris flows or surface runoff.
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3) A higher density of benchmarks was placed in the most visibly active areas, 
such as the toe, in order to assess areas of greatest differential movement.
4) The benchmarks were placed in areas in which it was possible to emplace the 
benchmarks with a simple hammer (i.e., not in boulders or other impenetrable 
surfaces).
Each benchmark was emplaced by striking the top of the rebar stake with a hammer, until 
approximately half of the length of the rebar was in the ground. The top of each 
benchmark was then surveyed using the GPS (Figure 15), and the position of the 
benchmark recorded. The approximate location of the benchmark was recorded in a field 
notebook, along with a description of the area in which the benchmark was located.
One notable limitation of this analysis is the paucity of benchmarks emplaced in the 
center of the landslide. This is primarily because of the thick forest canopy in the center 
of the landslide which severely limits GPS reception in this area. Future studies of the 
landslide may benefit from selective clearing of the forest canopy in order to improve 
GPS reception in the center of the landslide. Because of the near-lack of benchmarks in 
the center of the landslide, benchmarks emplaced up-slope of the toe primarily measure 
movement of the flanks and head area of the landslide.
4.2. Benchmark Surveying Results
Because of unfavorable satellite geometries, not all monitoring points were surveyed 
during each resurveying event (Table 2). Total annual horizontal movement of points on 
the landslides varied between a maximum of 36.89 m ± 1.80 at benchmark 11 to several 
at less than the 95% horizontal precision determined by the GPS unit (generally less than
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2 m), with the large majority moving generally to the northwest (regional down-slope 
direction; Figure 16; Table 3). Most benchmarks moved consistently in the same general 
direction between surveys (Figures 17 and 18; Tables 4 and 5). Benchmarks that were 
measured as having apparent changes in the direction of movement (such as benchmark 
19 which appear to move in almost completely opposite directions between several of the 
surveys [Figure 18]) are probably the result of GPS wander and/or multipath errors. 
Multipath errors are errors caused by GPS signals reflecting off of nearby objects such as 
trees. There were no geomorphic indications of changes in the direction of movement of 
any of the benchmarks during this study.
The highest rates of movement were generally concentrated along the toe (Figure 16; 
Table 3). Movement rates (especially on the toe) were generally highest between the 
February and April 2003 surveys, and the lowest between the initial July 2002 survey and 
the September 2002 survey (Figures 19, 20 and 21; Tables 4, 5 and 6).
According to precipitation data from the Clearbrook Station (data provided by the 
National Climatic Data Center), approximately 9 kilometers to the northwest of the 
landslide (Figure 1), the majority of rainfall during the project fell between the 
November/December and April resurveys (Table 7); corresponding to the highest 
movement rates along the toe. It should be noted that the data from the Clearbrook 
Station is not intended to reflect the actual rainfall at the landslide, but rather to 
approximate the timing of relative rainfall intensity at the landslide. Rainfall during the 
course of benchmark monitoring for this study was lower than the annual average
between 1919 and 2001 (Table 7).
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Between the November/December 2002 and April 2003 surveys (including the February 
2003 survey), the majority of benchmarks placed on the toe moved primarily by shallow, 
surficial movement, as indicated by significant cracking around the benchmarks, tilting of 
the benchmarks, or clear slumping or other deformation seen near the benchmarks (Table 
2).
The largest vertical changes (more than 25 meters at benchmark 11) were primarily 
located along the toe and were generally associated with those benchmarks displaying the 
greatest amount of horizontal movement (Figure 22).
As noted in the section 4.1, four control points were emplaced near the landslide, initially 
surveyed in July 2002, and then resurveyed in June 2003. One of these (benchmark 1) 
was destroyed by human activity, and out of the remaining three (benchmarks 2, 32, and 
42), one had an apparent movement greater than the 95% horizontal precision of the GPS, 
one had an apparent movement almost equal to the 95% horizontal precision, and only 
one had an apparent movement significantly less than the 95% horizontal precision 
(Table 3). The data used to calculate benchmark movement and precisions is included in 
Appendix D.
4.3. Benchmark Surveying Analysis
Not surprisingly, those benchmarks that appear to have moved by shallow slumping also 
showed the greatest amount of movement (Tables 4 and 5), and were generally located 
along the middle of the toe. The total annual precipitation from July 2002 to June 2003 
was below the annual average from July to June. The total annual movement of the 
landslide during this period is thus likely to be slightly below the annual average.
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although the intensity of rainfall is also likely to have a strong influence on the amount of 
movement of benchmarks on the toe.
Interestingly, although most of the benchmarks moved toward the tip of the landslide, 
several benchmarks on the toe (most noticeably benchmarks 6, 12, 13,14, and 18) moved 
toward the north and south lateral edges of the toe (Figure 23). This shows that material 
is not only moving in the regional down-slope direction, it is also spreading out, and 
filling in areas along the edges of the toe.
In contrast, most of the benchmarks located up-slope of the toe showed less than 4-5 
meters of horizontal movement, with several moving less than their respective 95% 
horizontal precisions of the GPS (Figure 16; Table 3). Much of the apparent movement 
of these benchmarks is likely to be from GPS wander, rather than actual movement. The 
results from the control point surveying suggest that the actual precision of the GPS is 
lower (i.e., less precise) than that calculated by the GPS. Because of the paucity of 
control points, it is difficult to formulate a meaningful estimate of the actual precision. 
Examples of benchmarks that probably did not move much during the course of the study 
period, and appear to generally reflect GPS wander, are benchmarks 19, 26, 27, 29, 33, 
36, 40 and 41 (as evidenced by movement directions that changed or reversed, exceeding 
the 95% horizontal precision during one survey and then being less than the 95% 
horizontal precision during the next survey, or consistently having movement less than 
the 95% horizontal precision). However, the majority of benchmarks located above the 
toe did generally appear to move down-slope (logical for soil or rock moving under the 
influence of gravity) and thus it does appear that the landslide above the toe is continuing 
to move. Furthermore, the difference in the rates of the movement (even accounting for
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GPS wander) of these benchmarks suggests that the rate of movement is not continuous 
across the landslide. Almost the whole area of the landslide appears to be moving, 
including the north and south flanks, and the center of the landslide. The lowest rates of 
horizontal movement are found at the head of the landslide.
The highest rates of movement in the areas above the toe appeared to be those 
benchmarks located down-slope from head scarp A, generally located along the north and 
south flanks. The lack of indications of obvious shallow, surficial movement near the 
majority of these points suggests that displacement of these benchmarks reflects deeper 
movement of the landslide, assuming that the area up-slope of the toe is relatively free of 
significant internal deformation. Because of the relatively minor movement of these 
points, it is difficult to accurately assess seasonal variations in the rate of movement. 
However, the general lack of geomorphic indications of differential movement 
(slumping, severe tilting, etc.), indicate that movement rates of these points stayed 
relatively constant throughout the year. This would indicate that overall movement of the 
landslide stays relatively constant, and is generally not responsive to individual storm 
events, in contrast to the large seasonal variations in rates of movement on the toe.
Interestingly, benchmarks 12, 13, 14, and 18, which were emplaced in relatively stable 
positions on or near the large conglomerate blocks on the north side of the toe, moved at 
rates similar to the majority of the benchmarks located up-slope of the toe (Table 3). 
Because of the large size of these conglomerate blocks, their movement may reflect 
underlying movement of the toe, not shallow surficial movement like the majority of the 
other benchmarks located on the toe. As noted in section 4.1, the lack of benchmarks 
located in the center of the landslide, and the relatively low resolution of the GPS
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(compared to the amount of movement) precludes more detailed and specific analysis of 
variations in the rate of seasonal movement in the area above the toe and down-slope of 
head scarp A.
The largest vertical changes are generally connected with the largest horizontal changes. 
Large vertical changes appear to be from rapid down-slope movement of these points, 
and probably reflect shallow, surficial down-slope sliding of these points. In general, 
because of the low vertical resolution of the GPS, apparent changes in the altitude of 
points are likely to be far less accurate than apparent changes in the horizontal position.
Overall movement of the landslide is slow (i.e., between 1.6 m/yr and 156 m/yr; the range 
of annual movement that is considered slow), under the convention given by Cruden and 
Vames (1996). More accurate measurements, whether through a more accurate GPS 
system or Total Station measurements, may help to refine my estimates of benchmark 
movement on the Swift Creek landslide as well as determining seasonal variations in the 
movement of points located up-slope of the toe. In addition, future studies using GPS 
could benefit from emplacement of more control points around the perimeter of the 
landslide. This could be difficult because of the generally thick canopy cover around the 
perimeter of the landslide. Areas that lack canopy cover near the landslide are generally 
the result of human activity (such as logging or road building) and as such are subject to 




Dendrogeomorphology is the technique of studying geomorphic processes using data 
collected from trees (Braam et al., 1987). In this study, I use it to evaluate past activity 
of the Swift Creek landslide. When a tree is tilted by movement of a sliding hillslope, the 
tree responds by curving upwards in order to maintain vertical growth. This causes an 
eccentricity in the annual rings, in which one side of the annual rings will be wider than 
the rings on the other side (Braam et al., 1987). By analyzing tree cores and counting the 
number of eccentric rings, the eccentricity can be used to date the year of tilting (Braam 
et al., 1987). This same method can also be used to date debris flows (Hupp, 1984;
Braam et al., 1987; Strunk, 1992;). Dendrogeomorphic techniques are used widely to 
date geomorphic events, such as a large-scale deep-seated gravitational slope deformation 
in Italy (Fantucci and Sorriso-Valvo, 1999); debris flows at Mt. Shasta (Hupp, 1984); and 
debris flows in the southern Alps (Strunk, 1992).
In the context of this study, dendrogeomorphology helps to constrain the initiation of 
significant activity of various segments of the landslide because initial movement 
predated the oldest available aerial photographs. Seven sampling locations were selected. 
Note that sampling sites 1 and 6 are essentially the same location; most of the cores from 
site 1 were unsuitable for analysis and thus the site was revisited to gather additional 
samples, which became site 6. The sampling locations were placed in a transect 
extending up the longitudinal axis of the landslide (Figure 24; approximately northwest to 
southeast), with the exception of site 7. I selected these sampling locations in an attempt 
to date the initiation of movement at several locations and to see if there was a correlation
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between these locations (i.e., did movement initiate simultaneously throughout extent of 
the landslide or did movement initiate at one or more locations before spreading to the 
current extent?). At each site, except site 6, three of the largest trees were selected 
(Table 8). I did not select a particular species of tree for analysis. Following Fantucci 
and Sorriso-Valvo (1999), the direction and degree of tilt of each of the selected trees was 
measured and recorded, along with the location of the site. Two cores were then taken 
from each tree; one in the direction of tilting and one opposite. The orientation of each 
core was then recorded.
Each core was glued onto a wooden backing, sanded and then covered in high-quality 
transparent gloss (in order to highlight the ring contrasts) prior to being analyzed (Stokes 
and Smiley, 1968). Following sample preparation, each core was rated as either being 
good, fair, or poor. “Good” cores are those in which all rings are clearly visible, and 
there are few or no breaks in the core. “Fair” cores have most of the rings clearly visible 
and there are few breaks in the wood. Poor cores are those in which it is difficult to 
distinguish rings and/or there are many breaks or flaws in the core.
I measured the distance between tree rings using a calibrated scale in an ocular 
microscope. The scale was calibrated based on a stage ruler of known dimensions. The 
distance between adjacent tree rings was entered into a Microsoft Excel spreadsheet.
I calculated percent discrepancy (i.e., difference) in the width of tree rings from the same 
year from the same tree with the following equation (modified from Braam et al., 1987):
Di = (RAi - RBi)/(RAi + RBO * 100 (2)
where,
Di - Discrepancy in year i
RA - The larger of the two ring widths
RB - The smaller of the two ring widths
A graphical example of ring width discrepancies for trees 2-1, 3-1, 4-2, and 7-1 is given 
on Figure 25. At most sites for almost every year for both trees, there is a discrepancy in 
the width of the tree rings. Because the purpose of this dendrogeomorphological analysis 
is to attempt to date “significant” movement of the landslide, it is important to sort out 
“noise” or eccentricities caused by small movements of the landslide or other relatively 
minor factors which could cause routine discrepancies in tree-ring width.
The average discrepancy for all years for all trees in which two usable cores were 
recovered and analyzed was 30.4%. The average standard deviation was 19.0%. 
Therefore, in a relatively simple attempt to sort out “noise” and only date “significant” 
events, I only considered discrepancies greater than 50% that lasted for three or more 
years (because an isolated event or human error could easily cause a spike of more than 
50% for one or two years) as being significant.
5.2. Dendrogeomorphology Results and Analysis
The results of the dendrogeomorphological analysis suggest an initiation (or reactivation) 
date of the Swift Creek landslide in the 1930s, but are not conclusive (Table 9). Ring 
width measurements and discrepancy calculations for all trees with two usable cores are 
provided in Appendix E. A strong discrepancy in the width of tree rings of tree 4-2 
began approximately in 1933 (Figure 25 and Table 9), and correlates well with historic 
aerial photographs, which suggest that the landslide become activated (or re-activated) in
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the 1930s. Analyses of trees 2-3, 3-1, 4-1, 5-2, and 7-1 also suggest that there were 
significant disturbances that caused tree-ring growth to become asymmetrical in the 
1930s to 1940s. Tree 3-1 also suggests that large disturbances occurred on the current 
area of the landslide in the mid and late 1800s and early 1900s (perhaps reflecting earlier 
movement of the landslide?) Interestingly, tree 7-1 shows a strong discrepancy in the 
1930s, and then appears to recover from that discrepancy by the 1940s, perhaps 
suggesting that movement of the landslide (and thus surficial deformation) does not 
remain constant throughout the landshde. A few trees, such as 2-3, show irregular 
significant discrepancies from the 1940s to the present day. These discrepancies are most 
likely related to localized movement. For instance, tree 4-3 shows a strong discrepancy 
beginning in 1993 and continuing to 2001. This tree is located just above head scarp A, 
in an area where there is significant ground cracking, and numerous badly leaning trees. 
Some trees slightly down-slope have toppled over the edge of head scarp A.
The relatively small population of trees suggesting the initiation of landslide activity in 
the 1930s to 1940s is probably not statistically significant and a more sophisticated study 
is probably needed to refine estimates of the initiation of landslide activity. My limited 
study suggests that a more in-depth study, consisting of a larger sampling population; 
comparison of trees growing on and off the landslide; and a more robust statistical 
analysis may be able to more conclusively date the initiation of landslide activity.
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6. HISTORIC AERIAL PHOTOGRAPH INTERPRETATION
6.1. Historic Aerial Photograph Interpretation Methods
Aerial photographs from the years 1940, 1955, 1966, 1976, 1986-87, 1995 (covers only 
the toe) and 1998 were used to track historic changes in the size of the landslide, as well 
as changes in the activity level of the landslide (see Figure 26 for 1940, 1955, 1966, and 
1976 aerial photographs; see Figure 3 for the 1998 aerial photograph). The historic 
changes in the size of the landslide were determined by photo rectifying aerial 
photographs from 1940, 1955, 1966, and 1976 with the 1998 DOQ by using the 
georeferencing function of ESRI ArcGIS 8.1. Points such as intersections of drainages, 
roads, clearcuts, and other prominent features that were the same on both the 1998 DOQ 
and the aerial photograph being rectified were used for georeferencing. In order to assure 
that the rectification was accurate, about 10-13 widely-dispersed points were used for 
each photograph. All control points were off the perimeter of the landslide. Each 
photograph was then rectified. The approximate area of the landslide from each aerial 
photograph was then determined by tracing the apparent perimeter of the rectified 
photographs using ArcGIS and then determining the area inside the perimeter.
6.2. Historic Aerial Photograph Interpretation Results
Historic aerial photographs indicate that the area of the landslide has only increased 
slightly from 1940 to 2002 (Figure 27; Table 10). The area of the landslide (as of 2002) 
is slightly larger than the estimated area in the 1940 to 1976 aerial photographs, but some 
of this change can be explained by the thick tree cover which tends to obscure the
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landslide outline in aerial photographs, leading to a slight underestimation of the 
landslide area.
The most visibly active areas on the landslide (as evidenced by areas that have been 
devegetated) from 1940 to the present day (2003) are located along the toe, the margins 
of the landslide and near the head of the landslide. In contrast, the center of the landslide 
is an area of relative quiescence. The overall shape and size of the landslide has changed 
very little from the 1940 aerial photograph to the 1998 DOQ (Figure 27, Table 10).
6.3. Historic Aerial Photograph Interpretation Analysis
The 1940 aerial photograph appears to have been taken shortly after the initiation of 
landslide activity (based on the dendrogeomorphlogical data and the small area of 
exposed surface in the aerial photographs), which would appear to indicate that almost 
the entire area of the present day landslide failed simultaneously. Thus, the area of the 
landslide may have been predisposed to failure, and is likely to have been a stabilized 
landslide that became reactivated.
Surficial activity on the landslide appears to have reached a maximum (again, as 
evidenced by areas that are devoid of vegetation) in the 1976 aerial photograph, and 
declined slightly to the present day (Figures 3 and 27). This assessment, however, is 
highly qualitative, based solely on percentage of devegetated area (presumably by 
landslide activity). Surface activity on the landslide was initially concentrated at the 
upper end of the present day toe and then to have expanded both up and down-slope. In 
the 1940 aerial photograph, only two small areas of the toe are devegetated, and head 
scarp A (currently a very prominent feature) is barely visible. By the 1955 aerial
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photograph, the devegetated area of the toe has expanded considerably, but there is still a 
large number of trees on the toe, and the upper scarp is still not prominent. In the 1966 
and 1976 aerial photographs, the devegetated area of the toe has expanded considerably 
(especially in the 1966 aerial photograph), and only small, isolated copses of trees 
remain. In these photographs, the upper scarp is quite prominent, and the margins of the 
landslide are clearly visible due to devegetation.
In the 1976 aerial photographs, the area around the head of the landslide was very active, 
and activity in this area appears to have declined somewhat in the later photographs 
(because vegetation has regrown somewhat in the later photographs). In contrast to the 
1976 photograph, during my study all of the upper scarps above head scarp A were 
partially vegetated, supporting the idea of declining activity in this area. In the 1986-87, 
1995, and 1998 aerial photographs, the unvegetated area of the toe appears to decrease 
slightly, and activity along the margins also decreased slightly. However, visibly 
unvegetated areas down-slope of the large upper scarps continues to grow.
The location of the large upper scarp (head scarp A) has remained more or less constant 
since the 1940 aerial photograph. In contrast, the lowest part of the landslide 
(encompassing the modem toe) is growing wider, presumably from infilling of 
surrounding topography. As mentioned in the geomorphology section, numerous trees 
are being engulfed by landslide debris along the edge of the toe, and GIS analysis also 
suggests that the toe is increasing in lateral extent. For instance, as measured from a spot 
near benchmark 7 (Figure 14; as measured perpendicular to the center line of the 
landslide) in 1955 the toe was about 260 meters wide; currently it is about 350 meters
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across. The growth in the width of the toe supports the idea that the lower third of the 
landslide is steadily enlarging.
In comparing the historical aerial photographs with the more recent 1998 photograph, it is 
readily apparent that some areas of the toe that were previously devoid of vegetation are 
now vegetated. This has probably happened for two reasons: revegetation and rafting of 
trees and vegetation over the previously exposed areas. In many areas of the landslide, 
such as parts of the toe and scarp areas, there are many small alders and other vegetation 
that indicate recent regrowth. For instance, on the southern part of the toe, there is a 
relatively small copse of alders and thick underbrush, indicating recent revegetation of 
this part of the toe. However, it should be noted that the toe as a whole is not necessarily 
stabilizing and becoming revegetated. Another small area on the south end of the toe was 
covered in trees on the 1998 DOQ (Figure 28). During my study this area was devoid of 
trees, indicating that this area became destabilized after 1998 (presumably the trees were 
buried or carried off of the landslide).
The second reason that the exposed area of the toe has changed is the effects of rafting of 
trees and other vegetation by movement of the landslide. The three trees cored at 
dendrogeomorphology site 7 (Figure 24), in an area devoid of vegetation in the 1955, 
1966, and 1976 aerial photographs, now thickly covered with large trees and other 
vegetation, are all older than 50 years (based on counting of annual tree rings [Table 9]). 
The most likely mechanism to explain this apparent contradiction is that they were rafted, 
more or less intact, into place by landslide movement. If these trees have been rafted, 
then an average historic rate of movement of this area of the landslide can be estimated.
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Assuming that historical movement of the landslide was roughly along the same vector as 
at nearby benchmarks 8 and 9 (see Figure 16), the trees currently loeated at 
dendrogeomorphology site 7 must have come from the edge of the devegetated area 
visible in the 1955 and 1976 aerial photographs. By measuring the distance between tree 
lines in the 1955, 1976, and 1998 tree lines (the tree line in the 1966 aerial photograph is 
not as elearly defined), an annual rate of movement for this area can be estimated (Table 
11; Figure 29).
The average rate of movement over the last 43 years for this part of the landslide is 
around 4.0 meters per year. This is faster than values measured over the year 2002-2003 
for benchmark 31 (just upslope of the current tree line), but much slower than 
benchmarks 8 and 9, which are located just down-slope of the current tree line. However, 
because this estimate is based on the position of trees on the edge of the active toe, it is 
likely that the trees that were at the edge of the toe in 1955 toppled onto the toe before 
1998 (as indicated by the aetive nature of the toe). Additionally, the 2002 tree line is 
further up-slope than the tree line on the 1998 aerial photograph (Figure 29). Therefore, 
the average estimate is probably lower than the actual historic rate of movement, and 
provides an estimate of the historic minimum average annual velocity.
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7. MODELING THE FAILURE SURFACE AND VOLUME OF THE
SWIFT CREEK LANDSLIDE
7.1. Modeling the Failure Surface
One of the essentials to understanding the kinematics of a landslide is interpreting the 
behavior of that landslide at depth, including interpreting the geometry and depth of the 
failure surface of the landslide. The interpreted failure surface can then be used to further 
study the underlying behavior of the landslide, as well to estimate the volume of the 
landslide.
I incorporate observations about surface topography, geology, and surface expressions of 
deformation in order to construct a longitudinal 2-dimensional model of the shape and 
depth of the failure surface. To construct such a model, I make several assumptions 
(listed below) based on field observations in order to develop several failure surfaces, 
then tested each potential failure surface using Janbu’s Method of Slices, a limit- 
equilibrium method of evaluating a failure surface (Janbu, 1973; Baum, 2000). Limit- 
equilibrium methods are fundamentally based on the Mohr-Coloumb failure criterion (eq. 
1). Limit-equilibrium methods calculate a factor of safety based on the engineering 
properties (which include the angle of internal friction, cohesion, unit weight, and pore 
pressure), the shape of the failure surface, and the shape of the ground surface.
Assumption 1) Although there are many different materials comprising the Swift Creek 
landslide, the underlying failure surface cuts through highly weathered serpentinites that 
may have weathered to smectite clay. Based on prior geologic mapping (Dragovich et 
al., 1997), and my field observations, serpentinite bedrock underlies the Huntingdon 
Formation conglomerate along the north flank and probably the south flank of the
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landslide. As discussed in the introduction, the serpentinite bedrock varies from intact 
and cohesive to highly sheared, to almost completely weathered to clay (i.e., it retains its 
form but can be crumbled with light hand pressure). The presumed weathering product 
of this serpentinite is smectite clays. Because smectites are commonly associated with 
the failure surface of landslides, and because smectites appear to be a dominant 
weathering product of debris originating on the Swift Creek landslide (based on the work 
of Schreir et al., 1987), 1 assume that the interaction between highly weathered 
serpentinites and smectites determines the failure surface of the Swift Creek landslide.
Schmidt and Montgomery (1995) note that the failure surface of a landslide is generally 
located in the weakest layer comprising a landslide. It is therefore crucial to determine 
which unit present at the Swift Creek landslide is the weakest layer, and to use the 
engineering properties of that unit to estimate the geometry and depth of potential failure 
surfaces. Smectite clays have effective friction angles of between 15-20° and residual 
friction angles of between 5-11° (as summarized by Selby, 1993). In contrast, hard 
igneous rocks (like dunite or peridotite) have friction angles of 35-45° (as summarized by 
Selby, 1993) and conglomerates have friction angles between 34-40° (as summarized by 
Wyllie and Norrish, 1996). Handin (1964) measured the fracture angle of serpentinites 
collected from a borehole near Puerto Rico at several different confining pressures and 
found an average fracture angle of about 27°. Yagi et al. (1996) found that the effective 
friction angle of weathered serpentinites in a cut slope averaged about 25°, but that the 
residual friction angle (after initial sliding) averaged only 15°. Avolio (1975) calculated 
that the failure surface of a landslide rooted in weathered serpentinite had a friction angle 
of 15° and a cohesion of approximately 10 kpa (200 psf).
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A friction angle of 15° is commonly associated with the failure surface of serpentinite- 
rooted landslides, and is the minimum of the effective friction angle of smectites.
Because smectites are often associated with the failure surface of serpentinite-rooted 
landslides, and because smectites/serpentinites appear to be the weakest unit at the 
landslide, it is reasonable to assign a friction angle of 15° to the material along the failure 
surface of the Swift Creek landslide. Similarly a cohesion of approximately 15 kpa, is 
reasonable for bentonite, a type of smectite, (as sununarized by Selby, 1993), which is 
close to the cohesion calculated by Avolio (1975). It should be noted that these values 
are not intended to represent the actual engineering properties of material along the Swift 
Creek failure surface, but, in the absence of direct measurements, represent best 
estimates, based on previous work at other serpentinite-rooted landslides.
Assumption 2) The Swift Creek landslide involves a complex mix of sheared landslide 
debris, displaced bedrock, glacial till, and organic debris. The landslide behaves largely 
as an earth material and is therefore assumed to have a unit weight of approximately 20 
kN/m^, a reasonable value for a dense soil (Keaton and Degraff, 1996).
Assumption 3) As noted in the geomorphology section, a series of head-scarps at the 
head of the landslide exhibit indicators of rotational movement, including the shape and 
presence of the head-scarps themselves, the overall steepness of the area, and back- 
rotated trees located on top of the head-scarps. In the center of the landslide, surface 
topography is relatively flat, and surficial deformation is much more muted, although 
some small scarps and cracks do occur. Along the east (top) and west (bottom) margins 
of the center (area below head scarp A and adjacent to the unvegetated toe), there are
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many moderately sized scarps (compared to head scarp A), and the ground is highly 
disturbed.
Baum et al. (1998), studying large, slow-moving clay-rich landslides in Hawaii, 
superficially similar in morphology to the Swift Creek landslide, concluded that the 
landslides were composed of a zone of stretching near the head (marked by the presence 
of numerous scarps indicating pull-away), a zone of shortening near the toe (marked by 
over-thrusting of material), and a neutral zone where neither shortening nor stretching is 
dominant. Swift Creek may be divided into similar zones, stretching at the head (as 
marked by numerous scarps), shortening at the toe (evidenced by the steepness of the 
toe), and a large neutral zone in the center of the landslide. Baum et al. (1998) also 
conclude that surface vector displacement can be used to estimate the failure surface of a 
landslide, because displacement vectors should be generally parallel to the underlying 
failure surface, except that the underlying failure surface should be slightly steeper than 
displacement vectors at the zone of stretching and slightly flatter in the zone of 
shortening. Baum et al. (1998) reported that this method reasonably approximated the 
failure surface of the Alani-Paty landslide in Hawaii. This method was initially described 
by Carter and Bentley (1984) and Cruden (1986). Carter and Bentley (1984) reported 
that generally this method approximated the depth of failure surfaces to within about 2%.
Because displacement vectors should be broadly represented in surface topography (and 
because the poor precision of the GPS surveying precludes using measured displacements 
to reconstruct the failure surface), the failure surface should be steeper than surface 
topography at the head of the landslide (zone of stretching), and flatter than surface
7-48
topography at the toe (zone of shortening). In the central “neutral zone”, surface 
topography should be generally parallel to the underlying failure surface (Figure 30).
Assumption 4) In order to simplify the determination of volume, I assume that the failure 
surface intersects the ground surface only at the edges of the landslide.
Assumption 5) Because areas of the slide are near-saturation year-round I assume that 
the ground water table intersects the ground surface year-round and extends to the failure 
surface. This assumption is largely made in order to simplify the calculations, as some 
areas of the slide do dry out in the summer (such as most of the toe which experiences the 
majority of its movement in the wet winter months).
Assumption 6) Keefer and Johnson (1983) note that in transverse cross-section, an earth- 
flow deposit is approximately rectangular (i.e., the flanks are relatively steep and bend 
sharply to join a flat basal shear surface). Because the Swift Creek landslide resembles 
the idealized morphology of an earth-flow, it is reasonable to assume that the landslide is 
approximately rectangular in transverse cross-section.
7.2. Modeling Methodology
In order to construct the initial failure surface, I used elevations along the center line of 
the landslide from GPS data collected during this project to construct a surface profile 
and model the failure surface based on assumption 3. I assume that at the toe, debris has 
overrun a pre-existing stream valley, and assume that the failure surface underneath the 
zone of shortening is at roughly the same slope (about 10°) as Swift Creek immediately 
downstream of the landslide. In the neutral zone I assume that the failure surface is
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roughly parallel to the ground surface. In the zone of shortening, I assume a curved 
failure surface in order to accommodate rotational type movement.
Using Janbu’s Method of Slices (Janbu, 1973; Baum, 2000), I test potential failure 
surface geometries (Figure 31). To run Janbu’s Method of Slices, I divide the landslide 
into 18 slices (for specifics on the size of the slices, see Appendix F). Default 
engineering properties used in the tests are cohesion of 15 kpa, an angle of internal 
friction of 15°, a unit weight of 20 kN/m^ and a pore pressure equivalent to the height of 
the water table. I vary the cohesion, unit weight, and pore pressure (Table 12) in order to 
test the sensitivity of the determined factor of safety in response to changes in these 
variables. I select these variables for sensitivity testing because the least data exists to 
support the values selected for these variables. I test 8 potential failure surfaces, 5 based 
on variations of assumption 3, described as base models A to E, with A being the 
shallowest, and E being the deepest (Figure 31). Steepness of the failure surface under 
the head of the landslide increases from base models A to E. Steepness of the failure 
surface under the toe decreases from base models A to E (Figure 31). I select 3 other 
potential failure surfaces to test common slide plane geometries: a shallow translational, a 
deep rotational, and a rotational slide with a component of translational under the toe 
(similar to the idealized cross-section of an earth slide - earth flow as depicted by Cruden 
and Vames [1996]). Intraslice strength parameters (i.e., the strength of the material 
between slices), consisting of intraslice cohesion and intraslice angle of internal friction 
are kept equivalent to the interslice strength parameters (strength of the material within 
each slice). I assume that the whole landslide has the same engineering properties for
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these tests because of the limited constraints on subsurface conditions and in order to 
simplify the calculations (Appendix F).
7.3. Modeling Results and Analysis
I calculated factors of safety for 96 combinations of failure surface geometries and 
variables (Table 12; Appendix F). The determined factors of safety are relatively 
insensitive to changes in the geometry of the failure surface, with the maximum 
difference in the factor of safety about 15%, and insignificant differences in the factor of 
safety for all base model geometries (A to E; typically only a few thousandths between 
geometries B, C, and D). Although varying the cohesion (within the range of values 
used for these tests) and unit weight did have an effect on the determined factor of safety, 
these variables did not appear to have a large influence over the detenmned factor of 
safety. In contrast, varying the pore pressure had a substantial effect on the determined 
factor of safety. Even assuming no pore pressure, the determined factor of safety was 
close to 1, indicating that given the tested geometries and a slide plane made up of 
weathered serpentinite, the Swift Creek landslide would be prone to failure even with 
very low pore pressures. As noted by Van Asch (1999), most large landslides are 
triggered by high pore pressure. These results may indicate that in the case of the Swift 
Creek landslide, high pore pressures are not necessary to cause or continue failure and 
that other factors, such as swelling of smectite clays or small seismic events, could also 
be responsible for the continuing movement of the landslide or the initial failure.
Generally, base model geometries B and C had the lowest determined factor of safety 
(indicating the geometries most likely to be prone to sliding), except for when assuming a
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cohesionless material or very high densities with no pore pressure, in which case a 
relatively shallow, translational geometry had the lowest determined factor of safety.
7.4. Volume Estimates
Assuming that the landslide shape is roughly rectangular in transverse cross-section, as 
would be expected for an earth-flow (Keefer and Johnson, 1983), the volume of the 
landslide can be simply approximated by:
Volume = ADa (3)
Where A = area of the landslide and Da = average depth of the failure surface. For each 
geometry tested using Janbu’s Method of Slices, I estimated a volume using equation 3 
(Table 12). Volume estimates for geometries B, C, and D (geometries that generally had 
the lowest factors of safety) varied from 3.53 x 10^ m^ to 5.17 x lO’m^.
I also estimate a volume using ArcGIS. I construct a 3-D failure surface by interpolating 
between the 2-D failure surface of geometry B and surface elevations around the 
perimeter of the landslide in order to generate failure surface contours from a raster 
(Figure 32). The estimated volume using ArcGIS is 3.6 x lO’m^, approximately equal to 
the volume estimated using equation 3 (Table 12). CDDA had estimated in 1976 that the 
Swift Creek landslide had an approximate volume of about 2.8 x lO’m^, comparable to 
the estimates that I obtained for the landslide.
Because of the large number of assumptions and uncertainty inherent in this analysis, it is 
impossible to accurately predict the actual volume of the Swift Creek landslide, but based 
on my results a volume between 1.0 x 10^ m^ and 8.0 x lO’m^ (Table 12) seems to 
represent a reasonable range of estimates.
8-52
8. DISCUSSION
My thesis has characterized and summarized a preliminary assessment of the surface 
behavior of the Swift Creek landslide. Because surficial behavior is driven by the 
movement of the landslide at depth (Baum et al., 1998), the kinematics of the landslide at 
depth can be extrapolated based on surface features and measurements of surface 
movement.
8.1. Kinematics of the Swift Creek landslide
Movement rates of points on the landslide reflect the overall kinematics of the landslide. 
Movement of areas on the toe may well exceed 40 meters a year or more and is relatively 
rapid for a large, slow-moving landslide. Movement of most of the points on the toe is 
clearly seasonal and presumably related to precipitation, as the majority of the movement 
occurred in the wettest months. High rates of movement on the Swift Creek landslide are 
also associated with shallow deformation such as slumping or flowing. In contrast, 
movement rates throughout the majority (not including the toe) of the landslide generally 
are less than 4-5 meters a year, with areas above head scarp A hardly showing any 
movement at all.
The landslide is primarily rooted in an ultramafite largely consisting of serpentinite at the 
surface, and the actual zone of shear is most likely through heavily weathered 
serpentinites (possibly weathering to smectite clays), which behaves almost as an earth 
material rather than a rock material. The apparent lack of historic horizontal movement 
of head scarp A (it neither appears to be retreating nor moving down-slope) in the aerial 
photographs can be best explained by surmising that movement of the landslide initiated
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as a flow below head scarp A. The continual down-slope movement of material below 
head scarp A causes head scarp A to become oversteepened and to fail along a rotational 
surface, which in turn causes the area upslope of head scarp A to become oversteepened 
and also to fail along a rotational surface, in turn causing the area above that to become 
oversteepened and so on, causing the formation of composite head scarps on the landslide 
(Figure 33). In order to accommodate the rotational movement of these head scarps, they 
move on high-angle lysteric normal faults which merge into a zone of shear. At the 
surface these faults are relatively high-angle, and then curve to become relatively low 
angle down-slope of the head. The area upslope of head scarp A is less active than the 
rest of the landslide, judging by the partially vegetated nature of Head Scarps B to D and 
the relative lack of apparent geomorphic activity between the head scarps, and thus head 
scarp A would have not experienced very much horizontal movement.
The body of the landslide below the head is largely composed of a flow, and 
morphologically matches the description of an idealized earth-flow (Keefer and Johnson, 
1983). In the center of the landslide, an area relatively absent of internal deformation, 
the failure surface is likely to be largely parallel to the ground surface. The flow 
becomes increasingly disrupted and unstable as material passes into the zone of 
accumulation, as evidenced by the chaotic nature of the surface. The toe of the landslide 
is confined between two bedrock ridges and thickens faster than material can be removed 
by erosion, thus becoming oversteepened. It is this oversteepening along with 
devegetation that causes the toe to be highly susceptible to debris flows and slumps, 
combined with the lack of stabilizing vegetation on the toe.
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Within the zone of depletion, the area of the landslide adjacent to the flanks can be 
thought of as analogous to a series of strike-slip fault structures (Figure 34). Fleming and 
Johnson (1989), in a study of a landslide in Utah, determined that structures along the 
flanks of a landslide often resemble strike-slip faults. In the case of Swift Creek, these 
strike-slip faults have a downward vertical component in the zone of depletion, producing 
the prominent flanks along both the north and south margins. Keefer and Johnson (1983) 
note that in earth-flows, the steep flanks along the side of an earthflow often curve 
sharply to intersect a basically flat basal shear surface. I therefore would expect that 
perpendicular to the longitudinal direction of the landslide, the failure surface at Swift 
Creek would be basically rectangular. Within the zone of accumulation, material along 
the edges of the landslide flow outward by shallow movement from slumping and small 
flows, expanding the margins of the landslide.
Above the toe of the landslide, there is a transition zone between the center of the 
landslide and the toe, an area where there are numerous cracks, small scarps, a sag pond 
and back-rotated trees, where the zones of accumulation and depletion meet. The toe of 
the landslide is much steeper than the rest of the landslide, as a result of the continuing 
accumulation of material at the toe. As material begins to flow down the steep slope of 
the toe (the steepest area of the landslide), it accelerates (as evidenced by comparing 
movement rates of points on the toe with those up-slope) thus moving faster than material 
moving into the transition zone. This acceleration causes local extension, and the 
formation of extensional features such as cracks, scarps, the sag pond and back-rotated
trees.
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Displaced large conglomerate blocks of the Huntingdon Formation are present on the 
north side of the toe, and numerous serpentinite boulders are present on the south side of 
the toe, both at nearly the same elevation. I infer that the location and presence of the 
serpentinite boulders and conglomerate blocks reflect the underlying movement of the 
landslide. There are no substantial outcrops of serpentinite or the conglomerate directly 
adjacent to their locations on the toe nor are there other substantial exposures in between 
the exposures on the toe, and the apparently in-place exposures along the flanks of the 
landslide. One idea might be that these boulders and conglomerate blocks are transported 
at a relatively shallow angle before intersecting the surface of the toe (Figure 33).
Because they are more resistant than the surrounding diamicton they stand out as large 
boulders or the large conglomerate blocks on the surface. The conglomerate blocks 
appear to have been rotated in this process, because bedding within the conglomerate 
along the flanks is sub-horizontal, and the bedding on the conglomerate blocks is 
generally nearly vertical.
Movement on the toe therefore is a combination of nearly horizontal movement at depth 
and shallow failures of the loose diamicton at the surface. Horizontal movement at depth 
is probably the dominant process in determining the overall profile of the toe, as 
indicated by the continuing accumulation in thickness and extent.
Cruden and Vames (1996) note that slides that exhibit this type of surface morphology 
(steep main scarps, the presence of intermediate scarps) might also be identified as 
compound slides, an intermediate type of slide between rotational and translational 
sliding. Compound slides often indicate the presence of a weak layer, such as might be 
expected in a layer of highly weathered serpentinite and smectites, or the boundary
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between weathered and unweathered material such as might exist between weathered 
serpentinite and other ultramafites.
The lack of stabilizing vegetation on the toe and other exposed areas of the landslide can 
be attributed to the presence of serpentinitic soils. Serpentinitic soils have been widely 
observed to be infertile and to stunt and retard plant growth (generally attributed to the 
high Mg and low Ca content of serpentinitic soils; Kruckeberg, 1969; Rabenhorst and 
Foss, 1981; Rabenhorst et al„ 1982; Brooks, 1987; Lee, 1999). Thus the instability of the 
toe contributes to further instability as serpentinitic diamicton is brought to the surface, 
and the high magnesium content of the soil inhibits plant growth, increasing run-off and 
decreasing surficial stability. Additionally, Borchardt (1989) notes that smectites (the 
most hkely weathering product of serpentinitic soils) strongly adsorb water and can swell 
dramatically, greatly reducing shear strength. Most of the instability on the toe occurs 
during winter and may be driven by smectite swelling. During the winter, even areas that 
are not actively muddy often are very loose and heavily cracked, possibly from swelling 
of smectite clays mixed in with larger particles. Borchardt (1989) states that swelling or 
uplift pressures generated by smectites may approach pressures equivalent to a column of 
water 100 m high, and that annual amplitude of vertical movement of soils rich in 
smectite could be greater than 5 cm. In the summer, much of the toe is dry and has a 
consistency similar to dried concrete. Borchardt (1989) has noted that in soils high in 
smectites in the Sudan, seasonal drying can cause shrinking of up to 10%. Even a small 
amount of smectites in the landslide could be partially responsible for the dramatic 
differences in the rate of seasonal movement of points on the toe.
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8.2. Development of the Landslide
Based on aerial photography and the dendrogeomorphic analysis, motion of the Swift 
Creek landslide appears to have initiated in the 1930s. At the time of this activation, the 
landslide most likely had an extent similar to the present day. Thus, the failure area was 
pre-disposed to failure, and is likely to have been a stabilized landslide that became 
reactivated. Initially, the profile of the landslide would have been mostly similar to the 
present-day (Figure 35), except that the area of the toe would have been flatter and the 
head scarps and flanks would not have existed (unless as degraded remnants of an older 
landslide). Because the Swift Creek landslide strongly resembles an idealized earthflow,
I propose that the initial failure followed Keefer and Johnson’s (1983) proposed 
mechanism for the formation of an earthflow. The initial failure occurred as material 
began to pull away from the head, initially as a slide near the head, before transitioning to 
a flow nearer to the toe. This pull-away oversteepened the head, causing the head to fail 
as a series of rotational blocks.
In the 1940 aerial photograph, only a small area of the toe is unvegetated, therefore, prior 
to this time, the toe had not become dramatically oversteepened. In subsequent air 
photos, larger and larger areas of the toe become exposed. Presumably this happens for 
two reasons: as the toe becomes progressively oversteepened, shallow failures occur 
which remove the vegetative cover; and serpentinitic soils inhibit plant regrowth. 
Combined with the progressive enlargement and oversteepening of the toe, further 
shallow failures remove more vegetation and so on, until by 1976 almost the entire 
current area of the toe was exposed. Interestingly, the exposed area of the toe was 
slightly larger in the 1960s and 1970s, and in some cases, exposed areas extended further
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up-slope than they currently do. This may indicate that the landslide is slowly stabilizing 
or at least decreasing in velocity
The head and the flanks also developed as the toe was developing. In the 1940 aerial 
photograph, head scarp A is barely visible, but by the 1976 aerial photograph, it is a 
prominent and clearly visible feature. Activity around the head has increased steadily 
from the 1940 aerial photograph to the 1976 aerial photograph, and then subsided 
somewhat to the present day. At the time of initial failure, the area around the head was 
probably at a slope similar to the area currently above the head. As material pulled away 
from the head and rotated downward, a series of lysteric normal faults formed and 
developed into the head scarps. Most of the movement at the head was accommodated 
by head scarp A, with smaller amounts being taken up by the other head scarps, as 
evidenced by the larger size and greater apparent geomorphic activity at head scarp A.
Fleming and Johnson (1989), in their study of the formation of a landslide in Utah, note 
that at the onset of the landslide, the areas that become the flanks are marked by 
numerous en echelon cracks that coalesce to form structures analogous to strike-slip 
faults. The flanks at the Swift Creek landslide presumably proceeded in a similar 
fashion, the initial formation of discontinuous cracks followed by the coalescing of these 
cracks to form the initial flanks. As material down-wasted in the zone of depletion, the 
flanks would have become steadily taller, until they approached their present day 
appearance.
Geomorphically, activity of the landslide has subsided somewhat from the 1970s, 
although the landslide is still quite active. In 2002 and 2003, numerous areas along the 
upslope area of the toe, along the flanks, and along the head were covered in small alder
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trees and other second growth vegetation, indicating that these areas had been recently 
disturbed, but had since stabilized, allowing vegetation regrowth.
8.3. Movement Rates at the Slumgullion Landslide vs. the Swift Creek landslide
As noted in section 4.1, Coe et al. (2000) measured seasonal velocities on the 
Slumgullion landslide using GPS. Annual horizontal movement on the Slumgullion 
landslide varied from 0.15 meters to 7.3 meters. The lowest rates of movement occur at 
the head and toe of the Slumgullion landslide, which are also the widest parts of the 
Slumgullion landslide. The highest rates of movement occur in the ‘neck’, a relatively 
narrow part of the landslide approximately halfway between the toe and the head of the 
landslide. Coe et al., (2000) concluded that the benchmarks that show the greatest 
amount of movement showed the least amount of seasonal variation, whereas those that 
have relatively small amounts of movement showed the greatest amount of seasonal 
variation.
These results contrast sharply with the results obtained at the Swift Creek landslide. 
There is little relationship between the width of the landslide (partially because the width 
does not vary by much) and the amount of movement. The greatest amounts of 
movement occurred on the toe and those benchmarks that show the greatest amounts of 
movement also show the greatest amount of seasonal variation. Annual movement of 
many of the benchmarks on the toe of the Swift Creek landslide greatly exceeds even the 
highest annual movement on the Slumgullion landslide.
The reason for this variation is most likely related to the nature of the landslides. Coe et 
al. (2000) do not note any sort of slumping, significant cracking, or other obvious
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indications of shallow movement around any of their benchmarks. In contrast, the 
benchmarks at the Swift Creek landslide that show the greatest amounts of movement are 
always associated with some sort of obvious visual indication of shallow movement, such 
as cracking, slumping or tilting of the benchmark. Those benchmarks showing the 
greatest amount of movement on the Swift Creek landslide are precipitation related, and 
are thus strongly seasonal and probably related more to the oversteepened, unstable 
nature of the toe than underlying movement of the landslide. On the other hand, those 
benchmarks displaying the greatest amount of movement on the Slumgullion landslide 
appear to be related more to underlying movement of the landslide. Like a river, material 
flowing down the Slumgullion landslide appears to accelerate through the narrow ‘neck’, 
accounting for the relatively high movement rates of benchmarks in the neck.
The amount of precipitation is probably not a factor in explaining differences in the rate 
of movement observed at Swift Creek and Slumgullion. While according to data from 
the Slumgullion Pass Snotel Station (maintained by the Natural Resources Conservation 
Service) the average yearly precipitation between 1980 and 2003 was 65.12 cm versus an 
average yearly precipitation of 116.94 cm for the Clearbrook Station from 1919 to 2001, 
85.34 cm fell during Coe et al.’s study (2000), versus 92.15 cm at the Clearbrook Station 
during the course of my study. Thus precipitation differences were minimal between the 
two studies.
8.4. Predictions
Current trends should continue into the future. Material in the zone of depletion will 
continue to down-waste, increasing the height of the head scarps and the flanks. The
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zone of accumulation will continue to thicken and enlarge the toe faster than material can 
be transported into Swift Creek, slowly increasing the size of the landslide. The overall 
size and shape of the landslide will probably not change dramatically because historic 
changes have been relatively small compared to the overall area of the landslide.
Movement rates at the toe should continue to be relatively high (compared to the rest of 
the landslide), and controlled largely by precipitation. Movement rates on the rest of the 
landslide should continue to be less than 4-5 meters a year, and may vary over longer 
intervals (such as years or decades). However, higher movement rates are possible; as 
noted by Keefer and Johnson (1983), earth-flow style landslides will occasionally ‘surge’ 
and move relatively rapidly for a short amount of time.
The landslide in the zone of depletion will slowly stabilize, as the overall slope of the 
landslide is reduced because of progressive down-wasting, although this stabilization will 
likely take decades. However, the toe area of the landslide will remain unstable as it 
continues to thicken and enlarge. Significant amounts of sediment will therefore 
continue to be transported from the landslide into Swift Creek. Massive debris flows are 
likely to occasionally occur if material from the toe forms temporary dams in the 
confined bedrock ‘narrows’ immediately downstream of the toe, backing up Swift Creek, 
followed by a catastrophic failure of the dam. Large debris flows could also be caused if 
temporary sag ponds above the toe suddenly drain.
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9. CONCLUDING REMARKS
Through topographic surveying, geomorphic mapping and analysis, monitoring the 
movement of points (benchmarks) using a GPS, tree-core analysis 
(dendrogeomorphology), aerial photographs analysis, and some simple failure surface 
modeling, I have produced the initial analysis of the kinematics of the Swift Creek 
landslide, Whatcom County, Washington, and provided a base-line study that can be used 
for future research on the landslide. Based on the results of this thesis, the most 
reasonable classification of the Swift Creek landslide (under the convention of Cruden 
and Vames [1996]) is an active, enlarging, complex, slow, wet, rock slide - debris flow. 
The landslide is highly active, as evidenced by the large amounts of surface 
displacement, the numerous slumps, rock falls, and debris flows that occurred during the 
course of this study, the lack of vegetation on large areas of the landslide, and the well- 
defined and ‘fresh’ scarps present on the landslide.
Initial activity on the landslide appears to have begun (or been re-initiated) in the 1930s. 
Aerial photography suggests that most of the current area of the landslide failed at the 
initiation, and subsequently enlarged slightly (as measured as a percentage of the whole 
area) to the present day. Although the initiating event is unknown, it does not appear to 
be related to human activity. The landslide most likely initiated following the pull-away 
of material from the head, which then caused the subsequent failure of rotational blocks 
at the head of the landslide. Because almost the entire modem area of the landslide failed 
at the initiation, the landslide is most Ukely a reactivated landslide. The zone of 
accumulation (lowermost area) of the landslide is thickening (on the toe by an average of 
over 6 meters since 1972) and enlarging both laterally and longitudinally, based on
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elevation changes between 1972 and 2002. All benchmarks on the toe had a negative 
vertical displacement from July 2002 to June 2003, an apparent contradiction to the 
previous statement. However, movement of benchmarks on the toe is primarily by 
shallow debris flows or slides down a steep slope. The movement of material on the toe 
is presumably driven by continual oversteepening caused by material flowing from the 
zone of depletion into the zone of accumulation (raising the elevation of the toe) 
combined with winter precipitation. The benchmarks can be thought of as like a marble 
on a board being raised on one end. As the board is raised (like the toe becoming 
oversteepened), the marble rolls down the board. Thus the marble, like the benchmarks, 
experiences a negative vertical displacement, even though the vertical displacement of 
the board is positive. If a fixed point (i.e., a point on the surface stabilized so that it 
would not move horizontally) on the toe could be monitored over several decades, the 
elevation of that point should increase. Comparisons of the 1972 USGS DEM with the 
topographic survey indicates that the elevation of the toe is generally increasing. In 
essence then, material is accumulating on the toe faster than it is being removed. 
Dramatic visual evidence of the enlargement and thickening of the toe is provided by 
trees surrounding the toe which are being buried by landslide debris.
Annual horizontal movement rates on the landslide vary from less than 1.5 m/yr to more 
than 36 m/yr. The highest rates of movement are associated with surficial movement, 
such as shallow slumping or flowing, and are always located in loose diamicton on the 
toe of the landslide. Precipitation plays a vital role in determining the rate of movement 
of points on the toe, as points on the toe had the highest rates of movement during the 
wettest months. In contrast, points up-slope of the toe moved less than 4 to 5 meters and
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do not appear to be strongly seasonally influenced. Because of the relatively low 
precision of the GPS used compared to the amount of movement of the points, it was 
difficult to assess accurately the seasonality of points above the toe. Interestingly, several 
points emplaced in some large, displaced conglomerate blocks on the toe had movement 
rates similar to the up-slope points, suggesting that the conglomerate blocks reflect 
deeper movement rates of the landslide, while those on the toe emplaced in landslide 
debris are moving almost entirely by shallow failures. Based on aerial photograph 
analysis, historic movement rates on the landslide average greater than 4 meters a year 
along the south flank although it is not known if this historic movement rate applies to the 
rest of the landslide.
Ground water at the landslide is shallow and may be perched. Streams on the landslide 
rise rapidly in response to precipitation events.
The landslide appears to be composed of a series of oversteepened rotational blocks 
moving along lysteric failure planes at the head of the landslide, transitioning to a 
translational flow underlain by a thick zone of shear through weathered serpentinite and 
(presumably weathering to smectite clays, the initial weathering product of serpentinites). 
In morphology, the Swift Creek landslide closely resembles the idealized description of 
an earth-flow, even though it is most hkely to be rooted in bedrock material. This may 
indicate that the underlying serpentinite is so highly weathered that it is behaving more as 
an earth material than a bedrock material. Most likely, swelling of smectite clays 
(because of water adsorption), weathered from the serpentinite, drives the shallow 
failures on the toe and may be a fundamental factor in reducing the shear strength of the
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underlying serpentinite, thus helping to determine the depth of the main failure surface of 
the landslide.
The landslide is deep-seated, with a most likely maximum failure surface depth between 
80 and 120 meters below the ground surface. Based on a relatively simple model 
calculated using Janbu’s Method of Slices, the volume of the landslide is likely to be 
between 1.0 x 10^ m^ to 8.0 10^ m^.
Serpentinitic rooted landslides are relatively common along the western coast of the 
United States and in Japan. Many serpentinitic rooted landslides share a similar 
morphology with the Swift Creek landslide. If these landslides behave similarly to Swift 
Creek, they may experience long periods of activity, lasting decades and possibly 
centuries. Serpentinitic soils brought to the surface by landslide activity ensure that in an 
area disrupted by slope instability, plant regrowth is slow, leaving the area unstable and 
prone to additional secondary failures. Smectite clays (possibly weathering from 
serpentinite at the landslide) may sharply reduce the shear strength of a hillslope rooted in 
serpentinite. The combination of smectite clays and lack of vegetation causes 
serpentinitic rooted landslides to be continually highly unstable and prone to frequent 
shallow slope failures and debris flows. Movement rates in these exposed and unstable 
areas of these types of landslides are largely controlled by heavy precipitation events and 
can be relatively high for a long-lived landslide. These high movement rates are 
associated with shallow slope failures and debris flows and in areas such as along the toe 
of the Swift Creek landslide, can extend over almost the whole of the highly unstable 
areas of the landslide. This suggests that following extreme precipitation events (such as
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rain-on-snow events) large volumes of sediment could be mobilized, leading to 
potentially devastating downstream debris flows.
9.1. Future Studies of the Swift Creek landslide
The Slumgullion landslide of Colorado, the site of a long-term study by the USGS and 
others, provides much of the inspiration and many of the ideas behind my thesis. The 
Swift Creek landslide shares many characteristics with the Slumgullion landslide, such as 
both are rooted in altered igneous rocks, both are deep-seated, and both are long-lived, 
persistent landslides. Yet, my thesis has shown that the behavior of the Swift Creek 
landslide cannot be understood by simply extrapolating from the behavior of the 
Slumgullion landslide. Thus, a long-term study of the Swift Creek landslide would 
provide a worthy counterpoint to the long-term study at the Slumgullion landslide, and 
would help to shed new light on the characteristics of deep-seated landslides in differing 
climatic regimes and geologic conditions.
During the course of this thesis, I thought of numerous questions about this landslide and 
other deep-seated landslides not directly or fully addressed by my thesis, questions that 
may make for worthwhile future studies. These questions included: Are the annual 
movement rates of points on the toe during 2002-2003 typical of this landshde? Or do 
they vary dramatically based on the amount and intensity of precipitation (as I would 
think they should)? Are smectite clays in fact responsible for the ongoing failure of the 
Swift Creek landslide as well as the shallow failures on the toe? Or are the apparent 
clays very finely ground (i.e., mechanically weathered) serpentinites? With more precise 
surveying techniques, can seasonal differences be resolved in the rate of movement of
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points up-slope from the toe? Or do the movement rates of these points vary over longer 
intervals, such as years or decades? How much of a role do the serpentinitic soils play in 
explaining the barren and open appearance of the toe? Could a much larger 
dendrogeomorphological study help to accurately resolve the initial date of the modem 
Swift Creek landslide or even identify previous incarnations of the landslide? Can a 
failure surface or zone of shear be located through geophysical techniques? What is the 
total sediment load removed from the landslide every year and can this be used to 
calculate a mass/volume change of the landslide since its initiation? Could the Swift 
Creek landslide be used as a natural laboratory to study debris flows, because of the 
frequency of debris flows in the winter and the confined downstream channel?
While answering these and other questions would be of interest to the local scientific 
community, they would also help to shed important new light on the behavior of 
landslides, especially deep-seated landslides and serpentinitic rooted landslides. The 
Swift Creek landslide provides an ideal natural laboratory, much like the Slumgullion 
landslide, because of the wide variety of geomorphic processes observed in this area.
The landslide is easily accessible, very active, and potentially the site of numerous 
research projects (answering the questions I raised or studying other aspects of the 
landslide) for undergraduate and graduate students, as well as other interested parties.
The Swift Creek landslide is a dramatic and powerful geomorphic feature. My study has 
begun the process of understanding the behavior of this large, long-lived landslide but 
there remain many unanswered questions. Future research on the Swift Creek landslide 
will help to further our understanding of deep-seated landslides in general as well as the
behavior of landslides rooted in ultramafics.
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Appendix A: Tables
________________________Table 1: Terminology_______________
Center line (Ld): The horizontal length along a line running up the axis of a landslide.
Composite head scarps: Prominent scarps which form perpendicular to the center line and are located 
in the uppermost area of a landslide. Generally these are caused by progressive oversteepening related 
to the ‘pull-away’ of down-slope material. At the Swift Creek landslide, a series of four prominent 
scarps (head scarps A, B, C, and D) of varying activity on the landslide, all of which appear to be 
related to the main motion of the landslide.
Complex landslide: A landslide composed of two or more types of movement where one type of 
movement initiates a second type. This is in contrast to a composite landslide which is a landslide 
composed of two or more types of movement that occurs at the same time.
Crown: Apparently undisplaced material up-slope of the highest part of a landslide. At the Swift 
Creek landslide, just upslope of head scarp D.
Deep-seated landslide: A landslide with a failure surface more than five meters beneath the ground 
surface.
Hank: Undisplaced material adjacent to the lateral margins of landslide, described using compass 
directions (i.e. north and south flanks).
Head Scarp A: The largest, most prominent, and geomorphically most active of the head scarps.
Surface of Rupture: Inferred surface that forms lower boundary of displaced material, below the 
original ground surface. Also known as the slip surface or failure plane.
Surface of Separation: Original ground surface now overlain by displaced material at toe of landslide
Tip: Point on toe furthest down valley.
Toe: Lower margin of landslide. In the case of the Swift Creek landslide it refers to the lower portion 
of the landslide that is largely devoid of vegetation.
Top: Highest point on the landslide.
Total depth (D,): Maximum depth of surface of rupture below original ground surface.
Total length (Lt): The minimum distance from the tip to the crown.
Total width (WJ: The widest area of the landslide parallel to the center line.
Zone of Accumulation: Area of landslide in which displaced material lies higher than original ground 
surface.
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Table 3: Summary of total annual movement of benchmarks on the Swift Creek landslide























2 1.90 -1.61 1.64 2.07 0.54 140.00 I!ontrol
3 10.26 -3.87 1.23 1.78 2.96 296.47 Sloniioring
4 16.59 -7.20 1.37 1.88 4.78 306.01 Monitoring
5 5.05 -2.64 1.63 4.03 1.45 312.25 Monitoring
6 7.34 -2.13 1.81 3.24 2.12 308.28 Monitoring
7 5.94 -0.60 1.76 2.94 1.71 301.68 Monitoring
8 17.57 -12.68 1.77 2.86 5.06 298.25 Monitoring
9 6.14 -0.11 2.03 3.46 1.76 304.27 Monitoring
10 24.40 -17.45 1.31 3.14 7.01 306.17 Monitoring
11 36.89 -25.55 1.80 3.13 10.60 280.94 Monitoring
12 3.08 -5.10 1.81 1.80 0.88 335.84 Monitoring
13 4.49 -5.00 1.82 2.75 1.29 323.68 Monitoring
14 4.06 -0.79 1.71 2.68 1.17 328.65 Monitoring
15 26.49 -17.98 1.67 3.48 7.61 304.36 Monitoring
16 18.18 -18.59 1.48 3.84 5.22 298.03 Monitoring
17 20.12 -8.35 1.15 1.75 5.80 306.80 Monitoring
18 3.81 -1.93 1.52 2.60 1.10 315.46 Monitoring
19 1.07 -6.22 2.25 2.53 0.31 249.02 Monitoring
20 4.13 -5.28 2.35 3.02 1.19 305.59 Monitoring
21 2.75 -4.01 2.14 3.64 0.79 256.12 Monitoring
22 4.38 -3.22 2.70 3.67 1.26 301.26 Monitoring
23 2.64 -9.74 1.92 3.20 0.76 335.80 Monitoring
24 2.43 3.39 2.04 3.67 0.70 244.85 Monitoring
25 3.40 -0.90 1.43 2.09 0.98 310.03 Monitoring
26 1.36 -2.57 1.62 2.09 0.39 294.04 Monitoring
27 1.50 -2.57 1.67 2.49 0.43 345.16 Monitoring
28 2.72 -0.86 1.67 2.20 0.78 332.26 Monitoring
29 2.22 -4.35 2.86 3.67 0.65 54.40 Monitoring
30 2.31 2.52 1.80 3.14 0.68 238.73 Monitoring
31 0.25 -2.82 2.08 2.45 0.07 174.62 Monitoring
32 1.97 -2.06 2.03 2.10 0.57 325.06 Control
33 1.49 -3.68 1.78 3.22 0.44 270.73 Monitoring
34 3.17 -1.69 1.75 2.37 0.93 286.68 Monitoring
35 4.12 -4.09 1.42 1.68 1.20 285.35 Monitoring
36 1.08 -12.08 2.83 3.30 0.32 213.00 Monitoring
37** 2.15** -5.61** N/A N/A 0.59 283.18 Monitoring
38 3.52 -3.99 1.10 1.65 1.02 284.04 Monitoring
39 3.98 -3.30 2.38 4.28 1.16 265.90 Monitoring
40 1.86 -7.10 1.97 3.71 0.54 296.37 Monitoring
41 1.56 -7.22 3.31 3.81 0.46 154.73 Monitoring
42 0..54 -1.67 2.20 4.20____ 0.17 308.74__ Control
* Precision (P) is calculated as follows (Pi’+P,^)''^ = P, where Pj is the initial precision, and P, is the resurvey precision 
(Bevington and Robinson, 2003)
1.13 Horizontal Change is less than the 95% horizontal precision 
0.51 Vertical Change is less than the 95% vertical precision
** Benchmark 37 was not surveyed during the last survey (June 2003). Therefore total annual vertical and horizontal movement 
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Table 6: Summary of total horizontal movement of monitoring points between each resurvey and the
initial July 2002 survey (units in meters)
Benchmark
Number Sep-02
Nov/Dec 2002 Feb-03 Apr-03 Jun-03
3 0.32 1.59 3.33 8.66 10.26
4 1.17 3.00 5.95 14.18 16.59
5 1.45 1.91 3.20 3.58 5.05
6 2.07 2.87 5.45 6.61 7.34
7 2.77 2.73 3.60 4.90 5.94
8 1.78 3.53 13.64 15.86 17.57
9 1.81 1.52 2.89 4.71 6.14
10 1.20 2.89 8.70 19.60 24.40
11 3.08 6.15 15.88 31.47 36.89
12 0.98 1.18 1.41 2.14 3.08
13 2.35 2.77 3.38 4.24 4.49
14 0.78 1.76 1.31 2.82 4.06
15 1.28 3.95 10.76 22.12 26.49
16 1.19 2.03 6.44 15.02 18.18
17 1.13 3.56 7.69 16.61 20.12
18 3.32 2.19 2.17 3.61 3.81
19 1.13 N/A 4.62 1.18 1.07
20 3.32 0.83 2.43 3.10 4.13
21 3.34 1.40 1.82 2.50 2.75
22 1.33 1.84 2.39 3.44 4.38
23 0.53 0.91 0.27 1.98 2.64
24 1.89 2.42 0.56 3.63 2.43
25 1.20 2.56 2.31 4.59 3.40
26 2.03 1.60 0.74 1.23 1.36
27 2.49 3.33 1.06 1.16 1.50
28 0.45 2.42 0.87 1.00 2.72
29 0.78 2.29 N/A 3.13 2.22
30 1.66 0.27 N/A 1.53 2.31
31 N/A 1.02 1.95 1.87 0.25
33 0.47 0.95 0.49 2.11 1.49
34 0.91 1.72 1.47 2.36 3.17
35 2.40 1.38 2.74 4.04 4.12
36 2.67 1.72 1.49 1.63 1.08
37 N/A 0.93 1.24 N/A N/A
38 1.08 1.31 2.37 3.98 3.52
39 N/A N/A N/A N/A 3.98
40 0.84 0.48 1.75 2.06 1.86
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Figure 1: Location Map. Coordinate system is 
UTM Zone 10 North (NAD 1927). The study 
site, the Swift Creek landslide, is located in 
northwestern Washington State (see inset map) 
Notice the well-developed alluvial fan 
downstream from the landslide, and the bowl­
shaped topography above the landslide.
The Clearbrook Station, a National Climatic 
Data Center (NCDC) weather station is 





































Figure 2: An oblique aerial photograph of the Swift Creek landslide 
(Winter 2001). View to east. Active portion of landslide is about 485 m 
wide, 1530 m long; toe of landslide is about 230 m tail. Notice the lack 
of vegetation on the toe, head scarp and lateral margins of the 
landslide, caused by locally intense movement and shearing. In 
contrast, much of the center of the landslide is thickly forested, 
indicating that this portion is moving as more or less relatively coherent 
blocks. Treeless area in right foreground is a recent clearcut. Photo 



































































O' 1. S •
-A “• L ^~.yA “■
O .' s • O .* "-fc- s • (
c^. „• 0 o-^. • o'• . S • ® -. '■ . s ® -. '• .
•+ o'‘«-7- /_-■_ • T'
^ ja J. 
S'. ^ V ’̂.
'.> ..^ . i>- 7> J
,.\'. s \' 7.v..^
"V’v'v
J . :V' ^: ... - V
md/ .' .* ;^^ .*./. .•. ■ .■>..; 
.'V-’-"^'- d- ■ -s;'
■/^-^ __/^- \^J--.-- '/V N
Holocene to Pleistocene unconsolidated 
landslide debris comprised of material 
derived from underlying units
Jnconformity
Late Eocene? to Oligocene Huntingdon 





Primarily expressed as weathered 
serpentinite at surface
Figure 5: Idealized stratigraphic column at the Swift Creek 
landslide (from Dragovich et al. 1997). Units depicted here 
are the three primary units exposed at the landslide. Not to 
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Figure 9; Trees being engulfed along 
the upper south toe (March 2002). Figure 10: Conglomerate 
blocks on north side of the 
toe (October 2001).
behind benchmark 25 
(February 2003).
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Figure 15: Surveying benchmark 20 in ^
February 2003. Author on left. Benchmark is Q 
located adjacent to the north flank of the ^
landslide. ^
f -'t^ ••*>.■ j>iS •-.
July 2002 -June 2003
Figure 17: Total horizontal movement of benchmarks between the initial survey 
and all resurveys. Arrows depict horizontal movement vectors (magnitude and 
direction) of monitoring points. Black circles depict the 95% horizontal precision 
of these vectors. Units are in meters.
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Figure 18: Total horizontal movement of benchmarks between selected surveys. 
Arrows depict horizontal movement vectors (magnitude and direction) of 
monitoring points. Black circles depict the 95% horizontal precision of these 
vectors. Units are in meters.
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Figure 19: Horizontal velocities of benchmarks between the initial survey and all 
resurveys. Velocity is expressed only as a means of comparison of movement. 
Movement is most likely episodic on most areas of the toe of the landslide.
Units are in cm/day.
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Figure 20: Horizontal velocities of benchmarks between 
selected surveys. Velocity is expressed only as a means 
of comparison of movement. Movement is most likely 
episodic on most areas of the toe of the landslide. Units 
are in cm/day.
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Figure 28: An area of the toe largely devegetated after 1998. 
Inset map depicts approximate location on the landslide.
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Figure 31: Potential failure surfaces evaluated using Janbu's Method of Slices. Base Models A to 
E are based upon surface topography. For each sketch shown, X-axis is distance from tip of 




Figure 31 (cont.): Potential failure surfaces evaluated using Janbu's Method of Slices. Base 
Models A to E are based upon surface topography. For each sketch shown, X-axis is distance 
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